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PREFACE
The a u t h o r  g r a d u a t e d  f ro m  M a n c h e s t e r  U n i v e r s i t y  i n  
1975 .  A f t e r  w o r k in g  f o r  one y e a r  f o r  t h e  S o u t h  W e s te rn  
Road  C o n s t r u c t i o n  U n i t  i n  E x e t e r ,  he  r e t u r n e d  t o  M anches ­
t e r  U n i v e r s i t y  t o  c a r r y  o u t  s t r u c t u r a l  e n g i n e e r i n g  
r e s e a r c h  f o r  w h ich  h e  r e c e i v e d  a MSc. d e g r e e .  I n  1980 t h e  
a u t h o r  was a p p o i n t e d  a s  a r e s e a r c h  a s s i s t a n t  a t  S h e f f i e l d  
C i t y  P o l y t e c h n i c  t o  work on t h e  t e n s i l e  s t r e n g t h  o f  
b r i c k w o r k .  R e s e a r c h  was c a r r i e d  o u t  i n  t h e  D e p a r t m e n t  o f  
B u i l d i n g  u n t i l  November  1982 .
Thanks  a r e  due t o  t h e  a u t h o r ' s  s u p e r v i s o r s ,  Mr, A,. 
T a y l o r - F i r t h ,  Dr .  I .  P. T a y l o r  a n d  Dr .  K. F i s h e r  f o r  t h e i r  
s u p p o r t  a n d  t o  many o t h e r - m e m b e r s  o f  t h e  t e c h n i c a l . a n d  
a c a d e m ic  s t a f f  o f  t h e  P o l y t e c h n i c  f o r  t h e i r  a s s i s t a n c e .
The a u t h o r  would  e s p e c i a l l y  l i k e  t o  t h a n k  h i s  w i f e ,  J e n n e ,  
f o r  t h e  t y p i n g  o f  t h e  m a n u s c r i p t  a n d  f o r  h e r  h e l p  an d  
e n c o u r a g e m e n t  d u r i n g  i t s  p r e p a r a t i o n .
No p o r t i o n  o f  t h e  v/ork r e f e r r e d  t o  i n  t h i s  t h e s i s  
h a s  been  s u b m i t t e d  i n  s u p p o r t  o f  a n  a p p l i c a t i o n  f o r  
a n o t h e r  d e g r e e  o r  q u a l i f i c a t i o n  o f  t h i s  o r  a n y  o t h e r *
a c a d e m ic  body .
S h e f f i e l d .  J a n u a r y  1 9 8 ^ .
ABSTRACT
A s p e c t s  o f  t h e  T e n s i l e  S t r e n g t h  o f  B r i c k - m o r t a r  J o i n t s -.
S . J .  W h i t e .
The main  p u r p o s e  o f  t h i s  work i s  t o  a s s e s s  t h e  
f a c t o r s  w h ic h  a f f e c t  t h e  t e n s i l e  bond s t r e n g t h  o f . b r i c k -  
m o r t a r  j o i n t s  a n d  t o  v e r i f y  t h e i r  r e l a t i v e  i m p o r t a n c e ,  
b o t h  by r e f e r e n c e  t o  t h e  l i t e r a t u r e ,  a n d  by e x p e r i m e n t ­
a t i o n .  From t h e s e  i n v e s t i g a t i o n s  t h e  m o s t  i m p o r t a n t  
a s p e c t s  a r e  s e e n  t o  be t h e  a b s o r p t i o n  o f  w a t e r  f ro m  t h e  
m o r t a r  by t h e  b r i c k ,  a n d  t h e  g r a d e  o f  t h e  m o r t a r .
A l m o s t  one t h o u s a n d  t e n s i l e  bond c o u p l e t s  were  
t e s t e d  u s i n g  a n e w ly  d e v i s e d  a p p a r a t u s  w h ich  h a s  s e v e r a l  
a d v a n t a g e s  o v e r  e x i s t i n g  t e s t  m e th o d s .  F o u r  e x p e r i m e n t a l  
•programmes w ere  c a r r i e d  o u t ,  e a c h  o f  w h ich  was d e s i g n e d  
t o  i n v e s t i g a t e  -one o r  more o f  t h e  f a c t o r s  w h ich  w ere  
j u d g e d  e i t h e r  t o  be o f  p a r t i c u l a r  i m p o r t a n c e ,  o r  t o  be 
i n c o n c l u s i v e ,  o r  b o t h .
A r i s i n g  o u t  o f  t h e  main  s e c t i o n  o f  t h e  work  was  t h e  
t e n s i l e  s t r e n g t h  h y p o t h e s i s .  T h i s  i s  c a p a b l e  o f  sh o w in g ,  
i n  a q u a l i t a t i v e  way, how t h e  t e n s i l e  s t r e n g t h  a n d  mode 
o f  f a i l u r e  o f  a b r i c k - m o r t a r  j o i n t  can  be r e l a t e d  t o  t h e  
p r o p e r t i e s  o f  t h e  m o r t a r  a n d  t h e  b r i c k .  The h y p o t h e s i s  
d ra w s  upon c o n c e p t s  f ro m  o t h e r  d i s c i p l i n e s ,  s u c h  a s  s o i l  
p h y s i c s ,  i n  o r d e r  t o  d e s c r i b e  t h e  p h y s i c a l  p r o c e s s e s  
w h ic h  a r e  i m p o r t a n t .  A c c o r d i n g l y ,  i t  i s  t h e  way t h a t  a 
b r i c k  a b s o r b s  w a t e r  f ro m  t h e  m o r t a r  t h a t  w i l l  h a v e  t h e  
m os t  p r o f o u n d  e f f e c t  on t h e  s u b s e q u e n t  p r o c e s s e s  o f  
h y d r a t i o n  a n d  s t r e n g t h  d e v e l o p m e n t  w i t h i n  t h e  m o r t a r .
I n  o r d e r  t o  p r o v i d e  some e v i d e n c e  i n  f a v o u r  o f  t h e  
h y p o t h e s i s ,  p i l o t  s t u d i e s  w ere  c a r r i e d  o u t  t o  d e t e r m i n e  
t h e  m o i s t u r e  c h a r a c t e r i s t i c s  o f  m o r t a r  a n d  t o  f u r n i s h  
d a t a  on t h e  h y d r a t i o n  p r o d u c t s  w i t h i n  t h e  j o i n t .  W h i l s t ,  
t h e s e  p i l o t  s t u d i e s  h a d  t h e i r  l i m i t a t i o n s ,  t h e  r e s u l t s  
w e re  e n c o u r a g i n g .
R e c o m m en d a t io n s  a r e  made r e g a r d i n g  f u t u r e  d e v e l o p ­
m e n t s  o f  t h e  h y p o t h e s i s  f r o m  a t h e o r e t i c a l  a n d  a p r a c t i c a l  
v i e w p o i n t .
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1.  INTRODUCTION
B r i c k  m a so n ry  i s  one o f  t h e  o l d e s t  f o rm s  o f  c o n s ­
t r u c t i o n  w h ich  i s  s t i l l  i n  common use  t o d a y ,  a n d  i s  
t r a d i t i o n a l l y  b a s e d  on s m a l l  m a n a g e a b le  m aso n ry  u n i t s  i n  
c o m b i n a t i o n  w i t h  a s i m p l e  b i n d e r / f i l l e r  i n  o r d e r  t o  
p r o d u c e  m o n o l i t h i c  s t r u c t u r e s  b u i l t  e s s e n t i a l l y  by h a n d .  
D u r i n g  t h e  e a r l y  p a r t  o f  t h i s  c e n t u r y  i t  became a p p a r e n t  
t h a t  t h e  b e h a v i o u r  o f  b r i c k w o r k  d e p e n d s  i n  a v e r y  com plex  
way on p r o p e r t i e s  o f  t h e  c o m p o n e n ts  a n d  on t h e  n a t u r e  o f  
t h e i r  i n t e r a c t i o n .  H i s t o r i c a l l y ,  t h e  d e s i g n  p h i l o s o p h y  o f  
s t r u c t u r a l  m a so n ry  was s u c h  t h a t  t e n s i l e  s t r e s s e s  w ere  
n o t  p e r m i t t e d  t o  o c c u r  and  so t h e  t e n s i l e  s t r e n g t h  o f  
b r i c k w o r k  was n o t  c o n s i d e r e d .  Nowadays,  h o w e v e r ,  e c o n o m ic s  
p l a y s  an  i n c r e a s i n g l y  i m p o r t a n t  r o l e  i n  t h e  d e s i g n  a n d  
c o n s t r u c t i o n  o f  b u i l d i n g s  w h ich  t e n d  t o  be t a l l e r  an d  
more s l e n d e r .  C o n s e q u e n t l y  i t  h a s  become e s s e n t i a l  t o  
d e v e l o p  a so u n d  u n d e r s t a n d i n g  o f  t h e  t e n s i l e  a n d  f l e x u r a l  
b e h a v i o u r  o f  b r i c k w o r k .
I n  r e s p o n s e ,  much v a l u a b l e  work  h a s  b e e n  done o v e r  
t h e  l a s t  f i f t y  y e a r s  i n  i d e n t i f y i n g  t h e  m o s t  i m p o r t a n t  
f a c t o r s  a f f e c t i n g  t h e  t e n s i l e  a n d  f l e x u r a l  s t r e n g t h  o f  
b r i c k w o r k  ( 1 —3 ) •  The c o n t r i b u t i o n s  o f  t h e s e  a n d  o t h e r  
w o r k e r s  w i l l  be p r e s e n t e d  i n  d e t a i l  i n  t h e  n e x t  s e c t i o n .
I t  w i l l  be shown t h a t  o p i n i o n s  h a v e  o f t e n  b e e n  c o n f l i c t i n g  
a n d  t h a t  t h e  p r e s e n t  l e v e l  o f  know ledge  i s  n o t  a d e q u a t e .
I t  i s  i n d i c a t i v e  o f  t h e  s t a t e  o f  t h e  a r t  t h a t  t h e  
r e c e n t  code  o f  p r a c t i c e ,  ( S t r u c t u r a l  u se  o f  M asonry ,  
BS5 6 2 8 ; P a r t  1 : 1 9 7 8 )  d e a l s  o n l y  b r i e f l y  w i t h  t h e  q u e s t i o n  
o f  t h e  t e n s i l e  s t r e n g t h .  C l a u s e  2i+. 1 s t a t e s
1
" I n  g e n e r a l ,  no d i r e c t  t e n s i o n  s h o u ld  be a l l o w e d  i n  
m a so n ry .  However ,  a t  t h e  d e s i g n e r ’ s d i s c r e t i o n  h a l f  
t h e  v a l u e s  in  t a b l e  3 may be a l l o w e d  i n  d i r e c t  
t e n s i o n  when s u c t i o n  f o r c e s  a r i s i n g  f ro m  wind l o a d s  
on r o o f  s t r u c t u r e s  a r e  t r a n s m i t t e d  t o  m aso n ry  w a l l s ,  
o r  when t h e  p r o b a b l e  e f f e c t s  o f  m i s u s e  o r  a c c i d e n t a l  
damage a r e  b e i n g  c o n s i d e r e d . ”
T h i s  g i v e s  c h a r a c t e r i s t i c  t e n s i l e  s t r e n g t h s  (N/nrni2 ) 
shown b e lo w ,  w h ic h  were  o b t a i n e d  by d i v i d i n g  t h e  
c h a r a c t e r i s t i c  f l e x u r a l  s t r e n g t h s  g i v e n  i n  BS5 6 2 8 , t a b l e  
3 by 2.
M o r t a r d e s i g n a t i o n ( i )  ; [ i l l ) ( i v )C la y  b r i c k s h a v i n g  w a t e r  ~
a b s o r p t i o n <1% 0 . 3 5 0 . 2 5 0 . 2 0
7^ - 12% 0 . 2 5 0 . 2 0 0 . 1 7 5
>12% 0 . 2 0 0 . 1 3 0 . 1 2 5
I t  i s  n o t  c l e a r  f rom  BS5628  why t e n s i l e  s t r e s s e s  o f  
t h i s  m a g n i tu d e  a r e  a l l o w e d  w i t h o u t  r e g a r d  t o  many f a c t o r s  
o f  c r i t i c a l  i m p o r t a n c e .  I n d e e d ,  r e c e n t  u n c o n f i r m e d  
u n d e r g r a d u a t e  work  h a s  shown t h a t  t e n s i l e  s t r e n g t h s  may 
be a s  low a s  20$  o f  t h e  f l e x u r a l  s t r e n g t h  ( 6 ) .
C l e a r l y  t h e r e  i s  a n e e d  f o r  a b e t t e r  u n d e r s t a n d i n g  
o f  t h e  m echan ism s  i n v o l v e d  i n  t h e  d e v e l o p m e n t  o f  t e n s i l e  
s t r e n g t h  i n  a b r i c k w o r k  j o i n t ,  a n d  i t  i s  f o r  t h i s  r e a s o n  
t h a t  . the  p r e s e n t  r e s e a r c h  p r o j e c t  was i n i t i a t e d .
2
2.  REVIEW OF LITERATURE OK THE FACTORS AFFECTING BOND
STRENGTH.
Many f a c t o r s  h a v e  been  r e p o r t e d  i n  t h e  l i t e r a t u r e  a s  
b e i n g  o f  i m p o r t a n c e  a n d  i t  seems t h a t  t h e y  i n t e r a c t  i n  a 
c om plex  way. The f o l l o w i n g  s e c t i o n s  d e a l  i n d i v i d u a l l y  
w i t h  t h e  m a in  f a c t o r s  a n d  su m m ar i se  t h e  o p i n i o n s  o f  
v a r i o u s  w o r k e r s  on t h e  e f f e c t  t h a t  t h e y  h a v e  on t h e  bond  
s t r e n g t h .  A t t e n t i o n  i s  c o n f i n e d  t o  t e n s i l e  t e s t s  e x c e p t  
w here  c o n c l u s i o n s  o f  p a r t i c u l a r  i m p o r t a n c e  h a v e  b e en  
o b t a i n e d  f ro m  f l e x u r a l  o r  o t h e r  fo rm s  o f  t e s t .
2 . 1 .  S u c t i o n  R a t e  o f  B r i c k .
A l m o s t  a l l  w o r k e r s  h a v e  r e a l i s e d  t h a t  p r o b a b l y  t h e  
m os t  i m p o r t a n t  p r o p e r t y  i n v o l v e d  i s  t h e  s u c t i o n  r a t e  o r  
i n i t i a l  r a t e  o f  a b s o r p t i o n  o f  t h e  b r i c k ,  w hich  i s  d e f i n e d  
a s  t h e  m ass  o f  w a t e r  a b s o r b e d  v e r t i c a l l y  by u n i t  a r e a  o f  
t h e  bed  f a c e  o f  a b r i c k  i n  one m i n u t e .  P a l m e r  a n d  
P a r s o n s  ( 1 ) c o n c l u d e d  t h a t  bond s t r e n g t h  i n c r e a s e s  f ro m  a 
v e r y  low s u c t i o n  r a t e  t o  a maximum a t  a b o u t  1 kg/m2 min 
a n d  t h e n  d e c r e a s e s ,  w i t h  t h e  r a t e . o f  d e c r e a s e  d e p e n d i n g  
on t h e  r e t e n t i v i t y  o f  t h e  m o r t a r .  C o l l i n  ( 7 )  was i n  
g e n e r a l  a g r e e m e n t  a l t h o u g h  c o m p a r a t i v e  v a l u e s  f o r  s u c t i o n  
r a t e  a r e  n o t  a v a i l a b l e  due t o  C o l l i n ’ s m ethod  o f  m e a s u r e ­
m en t .  H i s  M ra te  o f  c a p i l l a r y  a b s o r p t i o n "  m e a s u re d  t h e  
h e i g h t  o f  t h e  w a t e r  l i n e  on t h e  b r i c k  a t  p a r t i c u l a r  
t i m e s .  He s t a t e d  t h a t  b r i c k s  o f  medium a b s o r p t i o n  r a t e  
g av e  t h e  h i g h e s t  bond s t r e n g t h s  and  t h a t  b r i c k s  o f  h i g h  
a b s o r p t i o n  r a t e  g a v e  low bond s t r e n g t h s ,  a l t h o u g h  t h e  
l a t t e r  c o u l d  be im p ro v ed  s u b s t a n t i a l l y  by w e t t i n g  t h e  
b r i c k s  b e f o r e  u s e .  P a r s o n s  (8 )  r e p o r t e d  t h a t  h i g h  s u c t i o n
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r a t e  w ou ld  g i v e  p o o r  e x t e n t  o f  bond and t h a t  an  opt imum 
v a l u e  l i e s  i n  t h e  r a n g e  0 , 3 - 1 • 1  kg /m 2 m in ,  a l t h o u g h  h i s  
c o n c l u s i o n s  w ere  b a s e d  on f l e x u r a l ,  r a t h e r  t h a n  d i r e c t  
t e n s i l e  t e s t s .  These  r e s u l t s  w ere  l a t e r  c o n t e s t e d  by 
W h i t t e m o r e  and  B e a r  ( 9 )  who p o i n t e d  o u t  t h a t  a l t h o u g h  
bond s t r e n g t h  t e n d s  t o  d e c r e a s e  w i t h  i n c r e a s i n g  s u c t i o n  
r a t e ,  t h i s  r e l a t i o n s h i p  d e p e n d s  upon t h e  t y p e  o f  b r i c k  
a n d  a n y  c o n c l u s i o n s  d rawn may n o t  be a p p l i c a b l e  i n  a 
d i f f e r e n t  s i t u a t i o n .
P o r k n e r  e t  a l  ( 1 0 )  a n d  J o h n s t o n  e t  a l  (1 1 )  c o n f i r m e d  
t h e  g e n e r a l  t r e n d  o f  d e c r e a s i n g  s t r e n g t h  w i t h  i n c r e a s e d  
s u c t i o n  r a t e  b u t  H a b ib  a n d  L e e d s  (1 2 )  made some i m p o r t a n t  
o b s e r v a t i o n s  on t h e  way i n  w h ic h  t h e  r a t e  o f  a b s o r p t i o n  
c h a n g e s  w i t h  t i m e .  They c o n s i d e r e d  n o t  t h e  one m i n u t e  
s u c t i o n  r a t e ,  b u t  t h e  i n s t a n t a n e o u s  a b s o r p t i o n  r a t e  i n  
grammes p e r  s e c o n d .  T h e i r  m ethod r e q u i r e d  t h e  w e i g h t  o f  
a b s o r b e d  w a t e r  t o  be d e t e r m i n e d  a t  v a r i o u s  s h o r t  i n t e r v a l s  
o f  t i m e ,  up t o  s e v e r a l  m i n u t e s .  From t h e s e  r e s u l t s ,  t h e  
amount  o f  a b s o r b e d  w a t e r  was p l o t t e d  a g a i n s t  t i m e  f o r  a l l  
b r i c k s ,  t h e  s l o p e  o f  t h e  g r a p h  g i v i n g  t h e  i n s t a n t a n e o u s  
a b s o r p t i o n  r a t e .  B r i c k s  were  t h e n  c h o s e n  i n  p a i r s  a n d  
f ro m  t h e  a b s o r p t i o n  g r a p h s - o f  e a c h ,  t h e  p r e - w e t t i n g  t i m e  
was d e t e r m i n e d  so  t h a t  t h e  i n i t i a l  a b s o r p t i o n  r a t e  was  
t h e  r e q u i r e d  v a l u e ,  r a n g i n g  f ro m  O .U g / s e c  t o  2 . 0 g / s e c .
An optimum v a l u e  was f o u n d  t o  be a b o u t  1 . 2 g / s e c ,  w h ic h  
c o r r e s p o n d s  t o  a s u c t i o n  r a t e  o f  a p p r o x i m a t e l y  1 - 2 k g /m 2 
min a c c o r d i n g  t o  t h e i r  p u b l i s h e d  a b s o r p t i o n  c u r v e s .  How­
e v e r ,  t h e i r  r e s u l t s  were  e r r a t i c  and l a t e r  work  by 
P h i l i p  ( 1 3 ) shows t h a t  t h e  w a t e r  a b s o r p t i o n  b e h a v i o u r ,
k
ev e n  f ro m  a f r e e  w a t e r  s o u r c e ,  d e p e n d s  s t r o n g l y  upon t h e  
c h a r a c t e r i s t i c s  o f  t h e  d r y  b r i c k  a n d  upon i t s  m o i s t u r e  
c o n t e n t  a n d  n o t  s im p l y  upon t h e  i n s t a n t a n e o u s  r a t e  o f  
a b s o r p t i o n .
I n  a c o m p r e h e n s i v e  r e v i e w  o f  t h e  l i t e r a t u r e ,  Youl  and  
C o a t s  ( 1U) c o n c l u d e d  t h a t  t h e  optimum s u c t i o n  r a t e  i s  
a b o u t  1 . 0 - 1 .  2kg /m 2 min a l t h o u g h  Kampf (3 )  s u g g e s t e d  a b o u t  
h a l f  t h a t  v a l u e  and  R i t c h i e  and  D a v i s o n  (1 5 )  g i v e  0 . 5 - 1 » 0  
kg /m 2 min a s  t h e  optimum. The g e n e r a l  t r e n d  o f  i n c r e a s e s  
i n  s u c t i o n  r a t e  g i v i n g  r e d u c t i o n s  i n  bond s t r e n g t h  was 
c o n f i r m e d  by A l b r e c h t  a n d  S c h n e i d e r  ( 1 6 ) a n d  by F i s h b u r n  
( 1 7 ) .
By c o l l e c t i n g  d a t a  f ro m  p r e v i o u s  w o r k e r s ,  Grimm ( 5 )  
h a s  f o r m u l a t e d  an  e x p r e s s i o n  f o r  t h e  bond s t r e n g t h  a s  
' f o l l o w s :
f b = 0 . 0 0 5  [ 1 . 8 + ( F - 1 0 5 )* '*](40-A)( 1 2 4 -1 ^ )
i n  w h ich  *b ^  t h e  c r o s s - b r i c k  c o u p l e t  bond s t r e n g t h  i n  
p o u n d s  p e r  s q u a r e  i n c h ;  F i s  t h e  i n i t i a l  f l o w  o f  t h e  
m o r t a r  a s  m e a s u re d  by t h e  f l o w  t a b l e  t e s t  d e s c r i b e d  i n  
BSU551:1980;  A i s  t h e  p e r c e n t a g e  a i r  c o n t e n t  o f  t h e  m o r t a r  
by v o lu m e ;  a n d  t m i s  t h e  m o r t a r  e x p o s u r e  t im e  i n  s e c o n d s .  
S u c t i o n  r a t e  h o w e v e r ,  i s  n o t  a v a r i a b l e  i n  t h i s  e x p r e s s i o n  
a n d  Grimm m e r e l y  s t a t e s  t h a t  t h i s  p a r a m e t e r  s h o u l d  be i n  
t h e  r a n g e  0 . 1 - l . 0 k g / m 2 min .
Morgan ( 1 8 ) p o i n t e d  o u t  t h a t  t h e  l o n g - t e r m  e f f e c t s  o f  
b r i c k  s u c t i o n  a r e  e q u a l l y  a s  i m p o r t a n t  a s  t h e  s h o r t - t e r m ,  
b e c a u s e  i f  t o o  much w a t e r  i s  rem oved  a t  a l a t e r  d a t e  t h e  
m o r t a r  may become d e h y d r a t e d  a n d  h y d r a t i o n  w i l l  be 
i n h i b i t e d .  Morgan a l s o  p o i n t e d  o u t  t h a t  f o r  opt imum
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b e h a v i o u r  t h e r e  m ust  be c o m p a t i b i l i t y  b e tw e e n  t h e  s u c t i o n  
r a t e  o f  t h e  b r i c k  a n d  t h e  r e t e n t i v i t y  o f  t h e  m o r t a r .  T h i s  
i d e a  i s  a l s o  p u t  f o r w a r d  by S n e c k  ( 1 9 )  who s a y s  t h a t  t h e  
c h a r a c t e r i s t i c s  o f  w a t e r  a b s o r p t i o n  f ro m  a bed  o f  m o r t a r  
may n o t  be d i r e c t l y  r e l a t e d  t o  t h e  a b s o r p t i o n  f ro m  a f r e e  
w a t e r  s u r f a c e .
T h i s  and  t h e  e a r l i e r  t h e o r e t i c a l  work  o f  P h i l i p  0 3 )  
on w a t e r  a b s o r p t i o n  shows t h a t  b r i c k  s u c t i o n  i s  a c om plex  
p r o p e r t y  whose e f f e c t  i s  n o t  i n d e p e n d e n t  o f  o t h e r  f a c t o r s .  
P e a r s o n  ( 2 )  r e c o g n i s e d  t h i s  when he  c o n c l u d e d  t h a t  b r i c k s  
o f  t h e  same s u c t i o n  r a t e  may n o t  p r o d u c e  t h e  same s t i f f ­
e n i n g  e f f e c t  i n  t h e  m o r t a p  b e c a u s e  o f  t h e  p r e s e n c e  o f  
unknown v a r i a b l e s .
2 . 2 .  . B r i c k  Type and  T e x t u r e .
The i m p o r t a n c e  o f  b r i c k  t y p e  a n d  t e x t u r e  h a s  b e e n  
r e p o r t e d  by some w o r k e r s  t o  be a s  g r e a t  a s  t h e  i m p o r t a n c e  
o f  t h e  s u c t i o n  r a t e .  F o r  i n s t a n c e ,  P a l m e r  a n d  H a l l  ( 2 0 )  
' r e p o r t e d  t h a t  smooth  d r y - p r e s s e d  c l a y  b r i c k s  o f  h i g h  
a b s o r p t i o n  g i v e  h i g h e r  bond s t r e n g t h s  t h a n  r o u g h  s i d e - c u t  
s t i f f - m u d  c l a y  o r  s h a l e  b r i c k s  o f  low w a t e r  a b s o r p t i o n .
E v i d e n c e  i s  q u i t e  o f t e n  c o n f l i c t i n g  a n d  r e p o r t s ,  e v e n  
by t h e  same a u t h o r s ,  may c o n t r a d i c t  one a n o t h e r .  W h i t t e -  
more a n d  D e a r  (9 )  c o n c l u d e d  t h a t  bond s t r e n g t h  was h i g h e s t  
f o r  sm ooth  b r i c k s ,  b u t  l a t e r ,  J o h n s t o n ,  D e a r  a n d  W h i t t e -  
more (1 1 )  s t a t e d  t h a t  r o u g h n e s s  seems t o  h av e  no e f f e c t  
a n d  t h a t  s h a l e  b r i c k s  a r e  s t r o n g e r  t h a n  c l a y  i n  b ond .  The 
same y e a r ,  F o r k n e r ,  Hagerman,  D e a r  a n d  W h i t t e m o r e  (1 0 )  
r e p o r t e d  t n a t  s t i f f - m u d  c l a y  g i v e s  t h e  h i g h e s t  s t r e n g t h  
a n d  t h a t  t h e  e f f e c t  o f  r o u g h n e s s  c a n n o t  be c o n s i d e r e d
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s e p a r a t e l y  f ro m t h e  e f f e c t s  o f  b r i ck :  c o m p o s i t i o n ,  
a l t h o u g h  t h e y  c o n c l u d e  t h a t  g e n e r a l l y ,  b e t t e r  bond i s  
a ch i e v e d ,  w i t h  r o u g h  b r i c k s .
A c c o r d i n g  t o  T h o r n t o n  ( 2 1 )  t h e  e x t e n t  o f  bond i s  
i m p a i r e d  by t h e  use  o f  r o u g h ,  s c o r e d  o r  s a n d e d  b r i c k s  
b e c a u s e  w a t e r  i s  drawn away f rom t h e  c o n t a c t  zone  by 
c a p i l l a r i t y .
Kampf ( 3 ) a t t r i b u t e d  t h e  d i f f e r e n c e  i n  p e r f o r m a n c e  o f  
w i r e - c u t  a n d  m ou l de d  b r i c k s  t o  d i f f e r e n c e s  i n  t h e i r  
s u r f a c e  t e x t u r e .  The d i f f e r e n c e  i s  l e s s  f o r  b r i c k s  o f  low 
s u c t i o n  r a t e ,  he  s t a t e d ,  b e c a u s e  t h e s e  b r i c k s  h av e  b ee n  
b u r n e d  t o  a h i g h e r  t e m p e r a t u r e  a t  which  d i f f e r e n c e s  i n  
s u r f a c e  t e x t u r e  d i s a p p e a r . -
A c c o r d i n g  t o  Hogbe r g  ( 22 )  and  Morgan ( 1 8 ) c a l c i u m  
s i l i c a t e  b r i c k s  do n o t  b eh av e  i n  t h e  same way a s  c l a y  
b r i c k s .  T h e i r  a b s o r p t i o n - t i m e  r e l a t i o n s h i p s  i n d i c a t e  t h a t  
t h e y  e x e r t  s u c t i o n  f o r c e s  o v e r  a p r o l o n g e d  p e r i o d  w h i l s t  
h a v i n g  o n l y  a m o d e r a t e  i n i t i a l  r a t e  o f  a b s o r p t i o n .
The e f f e c t  o f  b r i c k  p e r f o r a t i o n s  seems t o  be i n  some 
d o u b t .  F o r k n e r  e t  a l  ( 1 0 ) and Kampf ( 3 ) s t a t e d  t h a t  c o r e d  
b r i c k s  e x h i b i t  s i m i l a r  bond s t r e n g t h s  t o  s o l i d  b r i c k s ,  
a l t h o u g h  R i t c h i e  and  D a v i s o n  ( 1 5 )  r e p o r t e d  t h a t  t h e  l a t t e r  
a r e  s u p e r i o r ,  a t  l e a s t  f o r  low s u c t i o n  r a t e  b r i c k s .
H a b i b  a nd  L e e d s  ( 1 2 )  a nd  W a t e r s  ( 2 3 )  s u g g e s t  t h a t  t h e  
m i c r o t e x t u r e  o f  t h e  b r i c k  s u r f a c e  c o u l d  have  some b e a r i n g  
on t h e  bond s t r e n g t h  an d  r e p o r t e d  t h a t  t r a n s f e r  o f  f i n e  
ce me nt  p a r t i c l e s  t a k e s  p l a c e ,  t h e i r  p e n e t r a t i o n  i n t o  t h e  
b r i c k  d e p e n d i n g  upon t h e  r e l a t i o n s h i p  b e t w e e n  t h e  c e m e n t  
p a r t i c l e  s i z e  and  t h e  b r i c k  p o r e  e n t r y  d i a m e t e r .
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2. 3. S a n d ,
Sand c o n s t i t u t e s  a b o u t  two t h i r d s  o f  t h e  volume o f  
m o r t a r  a n d  m i g h t  be e x p e c t e d  t o  have  a s i g n i f i c a n t  
i n f l u e n c e  on t h e  p r o p e r t i e s .  A r e v i e w  by Youl  a n d  C o a t s  
(li+) s u m m a r i s e s  t h e  e f f e c t s  o f  s and  c o m p o s i t i o n ,  p a r t i c l e  
s h a p e  an d  g r a d i n g  on w o r k a b i l i t y  and  w a t e r  r e q u i r e m e n t ,  
a n d  r e a c h e s  t h e  c o n c l u s i o n  t h a t  t h e  b e s t  r e s u l t s  a r e  
o b t a i n e d  u s i n g  r o u n d e d ,  r a t h e r  t h a n  s h a r p ,  s a n d  g r a i n s .  
Bloem (2i|.) p o i n t s  o u t  t h a t  t h e  ASTM g r a d i n g  l i m i t s  do n o t  
g i v e  a d e f i n i t i v e  i n d i c a t i o n  o f  u s e f u l n e s s  a n d  t h a t  some 
s a n d s ,  w h ich  l i e  ’o u t s i d e  t h e  l i m i t s ,  a r e  p e r f e c t l y  
a d e q u a t e  i n  p r a c t i c e .  I n  p a r t i c u l a r ,  s a n d s  beyond  t h e  f i n e  
l i m i t  b e h a v e d  w e l l .  He g o e a  on t o  show t h a t  w a t e r  demand 
d e p e n d s  upon t h e  g r a d i n g  o f  a p a r t i c u l a r  s a n d  t h a t  h a s  
b e e n  r e g r a d e d ,  b u t  t h a t  d i f f e r e n t  s a n d s  o f  i d e n t i c a l  
g r a d i n g s  may show q u i t e  d i s s i m i l a r  b e h a v i o u r .
H ogberg  (2 2 )  r e p o r t s  t h a t  t h e  s a n d  g r a d i n g  a f f e c t s  
volume o f  v o i d s  a n d  t h e  r a t i o  o f  w a t e r  t o  b i n d e r  ( c e m e n t  
+ l i m e ) ,  a n d  t h a t  w e l l - g r a d e d  s a n d s  g i v e  a l o w e r  vo lume o f  
v o i d s  a n d  a l o w e r  w a t e r / b i n d e r  r a t i o .  S n e c k  ( 1 9 )  r e p o r t s  
t h a t  f i n e  s a n d s  g i v e  h i g h e r  bond  s t r e n g t h s  t h a n  c o a r s e  o r  
s t a n d a r d  s a n d s ,  u s i n g  c l a y  b r i c k s  w i t h  a s u c t i o n  r a t e  o f  
3 - 4 k g /m 2 min .
2 .U .  Cement C o n t e n t  o f  M o r t a r .
The c o m p r e s s i v e  a n d  t e n s i l e  s t r e n g t h s  o f  m o r t a r  a r e  
s i m p l y  r e l a t e d  t o  t h e  ce m e n t  c o n t e n t ,  b u t  t h e  s i t u a t i o n  i s  
more c om plex  w i t h  r e s p e c t  t o  t h e  bond s t r e n g t h  b e tw e e n  
b r i c k s  a n d  m o r t a r .  P a l m e r  a n d  H a l l  ( 2 0 )  r e p o r t  t h a t  a 1 :3  
mix g i v e s  a b o u t  30% h i g h e r  bond s t r e n g t h  t h a n  1 : 1 : 6 .
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P a l m e r  an d  P a r s o n s  ( 1 ) l a t e r  a d d e d  t h a t  h i g h  cem en t  
m o r t a r s  g i v e  h i g h e r  bond s t r e n g t h ,  b u t  w i t h  a g o o d  d e a l  
o f  s c a t t e r ,  an d  i f  h i g h  s u c t i o n  r a t e  b r i c k s  a r e  u s e d  t h e  
bond may be p o o r  w i t h  t h e  same m o r t a r .  F o r k n e r  e t  a l  (10),  
h o w e v e r ,  c o n c l u d e d  t h a t  f o r  s t i f f - m u d  s h a l e  b r i c k s  o f  
m o d e r a t e  s u c t i o n  r a t e  ( 0 . 5 - 1 . Okg/m2 m i n ) ,  1 : 1 : 6  a n d  1 : 2 : 9  
m o r t a r s  g a v e  t h e  b e s t  r e s u l t s ,  w i t h  1 : ^ : 3  c o n s i d e r a b l y  
w e a k e r .  A t  h i g h e r  c o n s i s t e n c y ,  h o w e v e r ,  t h e  d i f f e r e n c e s  
were  n o t  so m ark ed .
C o p e la n d  a n d  S a x e r  (2 5 )  a g r e e  t h a t  s t r e n g t h  i n c r e a s e s  
w i t h  cem en t  c o n t e n t  b u t  F i s h b u r n  (1 7 )  was more c a u t i o u s ,  
s t a t i n g  o n l y  t h a t  t h e  ’' i n t e n s i t y ” o f  bond d e p e n d s  
i n d i r e c t l y  on t h e  cem en t  c o n t e n t .
H ogbe rg  (2 2 )  f o u n d  t h a t  g e n e r a l l y ,  bond s t r e n g t h  
i n c r e a s e s  w i t h  c e m e n t  c o n t e n t ,  a l t h o u g h  on a v e r y  p o r o u s  
b a s e ,  1 : 6  i s  b e t t e r  t h a n  1:3* He recommends a b i n d e r / s a n d  
r a t i o  o f  1 : 5 - 6 .
A m u l t i p l e  r e g r e s s i o n  a n a l y s i s  h a s  b e e n  c a r r i e d  o u t  
by K u i z e r  (2 6 )  t o  d i s c o v e r  t h e  r e l a t i v e  i m p o r t a n c e  o f  
v a r i o u s  f a c t o r s  w i t h  r e s p e c t  t o  t h e  f l e x u r a l  bond  
s t r e n g t h .  I n  t h i s  i n v e s t i g a t i o n  t h e r e  a p p e a r s  t o  be a 
l i n e a r  c o r r e l a t i o n  b e tw e e n  f l e x u r a l  bond s t r e n g t h  a n d  
s a n d / c e m e n t  r a t i o  u s i n g  a p r e s s e d  c l a y  b r i c k  w i t h  a 
s u c t i o n  r a t e  o f  3 * 3 kg/m^ m in .
2 .5 *  Lime C o n t e n t  o f  M o r t a r .
The v a r i a t i o n  o f  l i m e  c o n t e n t  i s  c l o s e l y  c o n n e c t e d  
w i t h  t h e  cem en t  c o n t e n t  a s  i t  i s  u s u a l  t o  m a i n t a i n  a 
c o n s t a n t  b i n d e r / s a n d  r a t i o ,  by  vo lume.  I t  i s  a p p a r e n t ,  
h o w e v e r ,  t h a t  some o f  t h e  e f f e c t s  on t h e  m o r t a r
p r o p e r t i e s  a r e  due t o  t h e  a d d i t i o n  o f  more l i m e ,  r a t h e r  
t h a n  t h e  r e d u c t i o n  o f  c e m e n t ,  Kampf ( 3 ) q u o t e s  t h e s e  
e f f e c t s  a s  b e i n g  an  im p ro v em en t  i n  w a t e r  r e t e n t i v i t y  a n d  
w o r k a b i l i t y  an d  a r e d u c t i o n  i n  s h r i n k a g e .  He a l s o  s t a t e s  
t h a t  a g r e a t e r  p r o p o r t i o n  o f  l i m e  im p ro v e s  bond on h i g h  
s u c t i o n  r a t e  b r i c k s  b u t  h a s  t h e  o p p o s i t e  e f f e c t  on o t h e r s ,
2 . 6 .  M o r t a r  C o n s i s t e n c e  a n d  W o r k a b i l i t y ,
C o n s i s t e n c e  i s  a m e a s u re  o f  t h e  T h e o l o g i c a l  p r o p e r ­
t i e s  o f  m o r t a r  a n d  i s  d e t e r m i n e d  by t h e  d r o p p i n g  b a l l  
t e s t  d e s c r i b e d  i n  BSU551J19SO. W o r k a b i l i t y  i s  a more 
s u b j e c t i v e  p r o p e r t y  d e s c r i b i n g  t h e  e a s e  w i t h  w h ich  a h i g h  
q u a l i t y  j o i n t  c a n  be f o rm e d .
I t  h a s  g e n e r a l l y  beery f o u n d  t h a t  m o r t a r  s h o u l d  be 
u s e d  w i t h  t h e  c o n s i s t e n c e  a s  h i g h  a s  i s  c o n v e n i e n t ,  
p a r t i c u l a r l y  when h i g h  . s u c t i o n  r a t e  b r i c k s  a r e  u s e d  ( f o r  
exam ple  P a r s o n s  ( 8 ) ,  H a b ib  a n d  L e e d s  ( 1 2 ) ,  R i t c h i e  a n d  
D a v i s o n  (1 5 )  a n d  H o g b e rg  ( 2 2 ) ) .  A c c o r d i n g  t o  W h i t t e m o r e  
a n d  D e a r  ( 9 )  t h e  e f f e c t  o f  h i g h e r  c o n s i t e n c e  i s  t o  im p ro v e  
t h e  bond e f f i c i e n c y  ( r a t i o  o f  bond  s t r e n g t h  t o  m o r t a r  
t e n s i l e  s t r e n g t h )  a n d  t o  g i v e  r i s e  t o  a h i g h e r  p e r c e n t a g e  
o f  f a i l u r e s  i n  t h e  m o r t a r  i t s e l f .  Grimm ( 3 ) p o i n t s  o u t  
t h a t  i n  o r d e r  t o  a c h i e v e  good bond t h e  m o r t a r  s h o u l d  h a v e  
t h e  a b i l i t y  t o  f l o w  i n t o  t h e  s u r f a c e  v o i d s  o f  t h e  b r i c k .  
H i s  e x p r e s s i o n  f o r  t h e  bond  s t r e n g t h  ( g i v e n  i n  f u l l  i n  
s e c t i o n  2 .1 . )  i n c l u d e s  t h e  f a c t o r  [ l . 8 + ( F - 1 03) J* w h e re  F ’ 
i s  t h e  f l o w  o f  t h e  m o r t a r  a s  a p e r c e n t a g e .  I t  c a n  e a s i l y  
be s e e n  t h a t  a s m a l l  i n c r e a s e  i n  f l o w  w i l l ,  i f  t h e  
e x p r e s s i o n  i s  v a l i d ,  p r o d u c e  a l a r g e r  p r o p o r t i o n a l  
i n c r e a s e  i n  bond  s t r e n g t h .  T h e re  a r e ,  h o w e v e r ,  d a n g e r s
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i n v o l v e d  i n  a r t i f i c i a l l y  i n c r e a s i n g  t h e  w o r k a b i l i t y  by t h e  
u s e  o f  p l a s t i c i z e r s ,  a s  t h i s  c a n  be d e t r i m e n t a l  t o  bond 
(Thomas ( 2 7 )-).
C l o s e l y  a l l i e d  t o  t h e  p r o p e r t i e s  o f  c o n s i s t e n c e  a n d  
w o r k a b i l i t y  i s  t h e  w a t e r / c e m e n t  r a t i o .  I t  i s  w e l l  known 
t h a t  i n  c o n c r e t e  p r a c t i c e ,  s t r e n g t h  r e d u c e s  a s  t h e  w a t e r /  
c em en t  r a t i o  i n c r e a s e s .  T h i s  i s  a l s o  t r u e ,  a c c o r d i n g  t o  
B o y n to n  a n d  G u t s c h i c k  ( 2 8 ) ,  i n  t h e  c a s e  o f  m o r t a r  t e n s i l e  
a n d  f l e x u r a l  s t r e n g t h s .  However ,  i n  b r i c k w o r k ,  t h e  
s i t u a t i o n  i s  more com plex  b e c a u s e  o f  t h e  e f f e c t  o f  b r i c k  
s u c t i o n .  H ogberg  (Lj. , 22)  a n d  S n e c k  (1 9 )  c l a i m  t h a t  t h e  
bond s t r e n g t h  d e p e n d s  on t h e  w a t e r / c e m e n t  r a t i o  a f t e r ,  
s u c t i o n ,  a s  t h i s  i s  more r e l e v e n t  t o  t h e  h y d r a t i o n  
r e a c t i o n s  t h a n  i s  t h e  i n i t i a l  w a t e r  c o n t e n t .
I t  i s  o b v i o u s  t h a t  a h i g h e r  i n i t i a l  w a t e r  c o n t e n t  
w i l l  r e s u l t ,  a f t e r  s u c t i o n ,  i n  a h i g h e r  f i n a l  w a t e r  
c o n t e n t  i n  t h e  m o r t a r .  I f  t h e  t e n s i l e  s t r e n g t h  o f  t h e  
m o r t a r  w i t h i n  a b r i c k w o r k  j o i n t  d e p e n d s  i n v e r s e l y  on t h e  
w a t e r / c e m e n t  r a t i o  t h e n ,  t h e  m o r t a r  w i t h  t h e  h i g h e s t  
i n i t i a l  w a t e r  c o n t e n t  s h o u l d  be t h e  w e a k e s t .  However ,  t h e  
w o r k e r s  m e n t i o n e d  above  c o n c l u d e d  t h a t  h i g h  c o n s i s t e n c e  
m o r t a r s  g i v e  h i g h e r  bond  s t r e n g t h s ,  w h ich  may be due t o  
b e t t e r  b r i c k  t o  m o r t a r  c o n t a c t  o f  t h e  w e t t e r  m o r t a r .  T h i s  
w ou ld  a l s o  a c c o u n t  f o r  t h e  o b s e r v a t i o n s  o f  W h i t t e m o r e  a n d  
D e a r  (9 )  t h a t  t h e  l o c a t i o n  o f  t h e  f a i l u r e  s u r f a c e  i n  a 
t e n s i l e  bond t e s t  seems t o  be c l o s e  t o  t h e  i n t e r f a c e  f o r  
l o w e r  c o n s i s t e n c e  m o r t a r s  an d  away f rom  t h e  i n t e r f a c e  f o r  
w e t t e r  m o r t a r s .
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2 . 7 .  C o n s i s t e n c e  R e t e n t i v i t y  o f  M o r t a r .
The p r o p e r t i e s  o f  c o n s i s t e n c e  r e t e n t i v i t y  and w a t e r  
r e t e n t i v i t y  a s  d e s c r i b e d  i n  BSlj.551 :1980  a r e  c l o s e l y  
r e l a t e d  a n d  w i l l  a f f e c t  bond s t r e n g t h  i n  t h e  same g e n e r a l  
way. I n d e e d ,  m os t  w o r k e r s  do n o t  d i s t i n g u i s h  b e tw e e n  t h e  
two,  an d  s i m p l y  u se  t h e  t e r m  r e t e n t i v i t y .
P a l m e r  a n d  P a r s o n s  ( 1 )  and  P a r s o n s  ( 8 )  c o n c l u d e d  t h a t  
bond  s t r e n g t h  i s  im p ro v e d  by i n c r e a s e d  r e t e n t i v i t y  a n d  
t h a t  t h e  e f f e c t  i s  more m arked  i f  b r i c k s  o f  h i g h  s u c t i o n  
r a t e  a r e  u s e d .  T h o r n t o n  ( 2 1 ) ,  R i t c h i e  a n d  D a v i s o n  (1 5 )  a n d  
R y d e r  (2 9 )  c o n f i r m e d  t h e  g e n e r a l  o p i n i o n  t h a t  h i g h e r  
r e t e n t i v i t y  i s  b e n e f i c i a l  t o  bond .  D o u b t s  h a v e  been  
r a i s e d ,  h o w e v e r ,  b e g i n n i n g - w i t h  H ogberg  (2 2 )  who s u g g e s t e d  
t h a t  h i g h  s u c t i o n  r a t e  b r i c k s  p e r f o r m  b e s t  w i t h  a low 
r e t e n t i v i t y  m o r t a r  h a v i n g  a h i g h  i n i t i a l  >water c o n t e n t .  
Morgan ( 1 8 ) a r r i v e d  a t  t h e  same c o n c l u s i o n  f o r  c a l c i u m  
s i l i c a t e  b r i c k s .  H og b e rg  (2 2 )  a l s o  r e p o r t e d  t h a t  b e c a u s e  
o f  t h e  s t i f f e n i n g  e f f e c t  o f  b r i c k  s u c t i o n ,  t h e  p r o p e r t i e s  
o f  t h e  l o w e r  b r i c k  a r e  o f  g r e a t e r  i m p o r t a n c e  t h a n  t h o s e  o f  
t h e  u p p e r  b r i c k .  T h e se  c o n f l i c t i n g  c o n c l u s i o n s  a g a i n  
d e m o n s t r a t e  t h e  c om plex  n a t u r e  o f  t h e  p r o b l e m  a n d  show 
t h a t  t h e  p r o p e r t y  o f  r e t e n t i v i t y  i s  o f  some i m p o r t a n c e  
d e s p i t e  t h e  r e s u l t s  o f  H u i z e r  ( 2 6 )  who c a l c u ­
l a t e d  t h a t  r e t e n t i v i t y  i s  t h e  l e a s t  s i g n i f i c a n t  o f  t h e  
v a r i a b l e s  he  s t u d i e d .
2 . 8 .  A i r  C o n t e n t  o f  M o r t a r .
W h i l s t  t h e  e f f e c t s  o f  r e t e n t i v i t y  h a v e  b e e n  s t u d i e d  
f o r  many y e a r s ,  i t  i s  o n l y  c o m p a r i t i v e l y  r e c e n t l y  t h a t  t h e  
s i g n i f i c a n c e  o f  t h e  a i r  c o n t e n t  o f  m o r t a r  h a s  b e e n
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r e a l i s e d .  A i r  i n  m o r t a r  i s  known t o  a f f e c t  t h e  w o r k a b i l i t y  
a n d  r e t e n t i v i t y  i n  a way, a c c o r d i n g  t o  Kampf ( 3 ) ,  s i m i l a r  
t o  l i m e ,  a n d  t h a t  a h i g h  a i r  c o n t e n t  r e d u c e s  bond s t r e n g t h  
f o r . l o w  s u c t i o n  b r i c k s  an d  i n c r e a s e s  bond s t r e n g t h  f o r  
h i g h  s u c t i o n  b r i c k s .  A l t h o u g h  h i g h e r  a i r  c o n t e n t s  g i v e  
i m p ro v e m e n t s  i n  w o r k a b i l i t y  an d  r e t e n t i v i t y ,  i t  i s  t h e  
u nan im ous  o p i n i o n  o f  C o p e la n d  and S a x e r  ( 2 5 ) ,  H ogberg  ( 2 2 ) ,  
Grimm ( 5 ) ,  H u i z e r  ( 2 6 ) a n d  B e n i n g f i e l d  ( 3 0 )  t h a t  bond 
s t r e n g t h  i s  r e d u c e d  a s  a r e s u l t .
2 . 9 .  S u c t i o n  R a t e  A d j u s t m e n t  o f  B r i c k s .
A n o t h e r  m ethod  o f  c o u n t e r a c t i n g  t h e  e f f e c t s  o f  a 
h i g h  s u c t i o n  b r i c k  i s  by p r e - w e t t i n g  i n  o r d e r  t o  r e d u c e  
t h e  a b s o r p t i v e  f o r c e s .  The r e s u l t  m ost  o f t e n  q u o t e d  i s  
t h a t  w e t t i n g  h i g h  s u c t i o n  r a t e  b r i c k s  w i l l  im prove  t h e  
bond ,  w h e r e a s  w e t t i n g  low o r  medium s u c t i o n  r a t e  b r i c k s  
c o u l d  d e c r e a s e  t h e  bond s t r e n g t h ,  f o r  e x a m p le ,  P a l m e r  a n d  
H a l l  ( 2 0 ) ,  C o l l i n  ( 7 ) ,  Kampf ( 3 ) ,  A l b r e c h t  an d  S c h n e i d e r  
( 1 6 ) .  W e t t i n g  m u s t  n o t  be o v e r d o n e ,  h o w e v e r ,  o r  a f i l m  o f  
w a t e r  may fo rm  on t h e  s u r f a c e  o f  t h e  b r i c k ,  w h ic h  wou ld  
be d e t r i m e n t a l  t o  t h e  bond  s t r e n g t h .  F o r k n e r  e t  a l  ( 1 0 )  
a n d  H ogberg  ( 2 2 )  p o i n t  o u t  t h a t  t h e  bond s t r e n g t h  
o b t a i n e d  u s i n g  w e t t e d  h i g h  s u c t i o n  r a t e  b r i c k s  w i l l  n o t  
be a s  h i g h  a s  w i t h  b r i c k s  h a v i n g  a n  o r i g i n a l l y  low 
s u c t i o n  r a t e .  T h i s  b e h a v i o u r  w o u ld  a c c o u n t  f o r  t h e  
s c a t t e r  i n  t h e  r e s u l t s  o f  H a b ib  a n d  L e e d s  ( 1 2 ) ,  who 
w e t t e d  b r i c k s  o f  d i f f e r e n t  i n i t i a l  a b s o r p t i o n  r a t e s  by 
am o u n ts  n e c e s s a r y  t o  r e d u c e  t h e  a b s o r p t i o n  r a t e s  down t o  
some c h o s e n  v a l u e .
R y d e r  ( 2 9 ) s t a t e s  t h a t  bond  s t r e n g t h  w i t h  h i g h
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r e t e n t i v i t y  m o r t a r s  i s  r e d u c e d  when b r i c k s  a r e  w e t t e d  a n d  
w i t h  low r e t e n t i v i t y  m o r t a r s  w e t t i n g  im p ro v e s  t h e  bond.  
H ogberg  ( 2 2 ) ,  on t h e  o t h e r  h a n d ,  r e p o r t s  t h a t  u s i n g  a 1 : 3  
m ix ,  an  im p ro v em en t  i n  bond i s  o b t a i n e d  by w e t t i n g ,  b u t  
no su ch  im p ro v em en t  o c c u r s  w i t h  a 1 : 6  mix ( w h ic h  p r e s u m ­
a b l y  h a s  a l o w e r  r e t e n t i v i t y ) .  T h i s  r e s p o n s e  was f o u n d  
when u s i n g  c a l c i u m  s i l i c a t e  b r i c k s ,  h o w e v e r ,  w h ich  a r e  
known t o  d i f f e r  f ro m  c l a y  b r i c k s  i n  t h e i r  b e h a v i o u r  ( 1 8 ) .
2 . 1 0 .  M o r t a r  S t r e n g t h .
The s t r e n g t h  o f  m o r t a r  i s  a f f e c t e d  s i g n i f i c a n t l y  by 
t h e  cem en t  c o n t e n t  so  i t  would  seem r e a s o n a b l e  t o  c o n c l u d e  
t h a t  t h e  r e l a t i o n s h i p  b e tw e e n  cem en t  c o n t e n t  a n d  bond 
s t r e n g t h  i s  s i m i l a r  t o  t h a t  b e tw e e n  m o r t a r  s t r e n g t h  a n d  
bond s t r e n g t h .  T h i s  seems t o  be p a r t l y  t r u e  an d  m o s t  
a u t h o r s  a g r e e  t h a t  bond  s t r e n g t h  i n c r e a s e s  w i t h  m o r t a r  
s t r e n g t h .  F o r  h i g h l y  r e t e n t i v e  m o r t a r s ,  P a l m e r  a n d  
P a r s o n s  ( l )  s t a t e  t h a t  m o r t a r  s t r e n g t h  i s  t h e  m os t  
i m p o r t a n t  f a c t o r .  P e a r s o n  ( 2 ) ,  h o w e v e r ,  c o n c l u d e s  t h a t  
t h e r e  i s  no r e l a t i o n s h i p  b e tw e e n  bond s t r e n g t h  a n d  t h e  
c o m p r e s s i v e  s t r e n g t h  o f  m o r t a r .
2 . 1 1 .  C u r i n g  C o n d i t i o n s .
Even when good  c o n t a c t  h a s  b e e n  a c h i e v e d  b e tw e e n  
b r i c k  a n d  m o r t a r  i t  i s  i m p o r t a n t  t h a t  c o n d i t i o n s  a r e  
r i g h t  f o r  t h e  f u l l  d e v e l o p m e n t  o f  s t r e n g t h .  Grimm ( 5 )  
n o t e s  t h a t  h y d r a t i o n  w i l l  c e a s e  i f  t h e  r e l a t i v e  h u m i d i t y  
w i t h i n  t h e  j o i n t  d r o p s  be low  7 0 - 8 0 %, I t  h a s  been  f o u n d  
g e n e r a l l y  t h a t  damp c u r i n g  c o n d i t i o n s  w i l l  p r o d u c e  t h e  
h i g h e s t  s t r e n g t h .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  d u r i n g  
t h e  e a r l y  s t a g e s  o f  c u r i n g ,  a c c o r d i n g  t o  H og b e rg  ( 2 2 ) .
l b
I n  p r a c t i c a l  t e r m s ,  d r y i n g  o u t  o f  m o r t a r  i s  m a i n l y  a 
summer p r o b le m .  In  w i n t e r ,  f r e e z i n g  o f  b r i c k w o r k  i s  a 
m a j o r  s o u r c e  o f  t r o u b l e .  T h e re  h a s  b e e n  a l o t  o f  e x p e r i ­
m e n t a l  work  c a r r i e d  o u t  t o  a s s e s s  t h e  e f f e c t s  o f  f r e e z i n g .  
Kampf (3)> R y d e r  (2 9 )  a n d  H ogberg  (2 2 )  a l l  s u g g e s t  t h a t  
f r e e z i n g  can  be d e t r i m e n t a l  t o  bond ,  p a r t i c u l a r l y  i n  t h e  
e a r l y  s t a g e s .  S n e c k  (1 9 )  h a s  o f f e r e d  some i m p o r t a n t  
t h o u g h t s  on f r o s t  damage.  He p o i n t s  o u t  t h a t  damage may 
be c a u s e d  by' f r e e z i n g  u n l e s s  e i t h e r  t h e  w a t e r  c o n t e n t  h a s  
b een  l o w e r e d  s u f f i c i e n t l y  by s u c t i o n ,  o r  t h e  m o r t a r  h a s  
h a r d e n e d  enough  b e f o r e  f r e e z i n g ,  o r  t h e  m o r t a r  f r e e z e s  
i m m e d i a t e l y  w h i l s t  s t i l l  s t r u c t u r e l e s s .  He d o e s  n o t  
recommend t h e  l a s t  o p t i o n , ,  h o w e v e r ,  b e c a u s e  o f  t h e  s u d d e n  
l a c k  o f  s t i f f n e s s  o f  t h e  m o r t a r  on th a w i n g .
2 . 1 2 .  O t h e r  F a c t o r s .
The e a s e  w i t h  w h ich  t h e  t o p  b r i c k  may be l a i d  
d e p e n d s  upon t h e  c o n d i t i o n  o f  t h e  m o r t a r  a t  t h e  t im e  o f  
l a y i n g .  I n  a d d i t i o n  t o  t h e  p r o p e r t i e s  a l r e a d y  d i s c u s s e d ,  
t h i s  w i l l  be i n f l u e n c e d  by t h e  t im e  b e tw e e n  s p r e a d i n g  t h e  
bed  o f  m o r t a r  a n d  l a y i n g  t h e  t o p  b r i c k .  A c c o r d i n g  t o  
Kampf ( 3)1  R i t c h i e  and  D a v i s o n  (1 5 )  and  Grimm ( 5 ) t h e  
e f f e c t  o f  d e l a y  i s  a r e d u c t i o n  i n  bond s t r e n g t h ,  p a r t i c ­
u l a r l y  w here  h i g h  s u c t i o n  b r i c k s  a r e  u s e d .
The t im e  b e tw e e n  m i x i n g  t h e  m o r t a r  a n d  i t s  u se  may 
a l s o  be o f  i m p o r t a n c e .  Due t o  e v a p o r a t i o n  an d  h y d r a t i o n ,  
m o r t a r  w i l l  become l e s s  w o r k a b l e  and  so  i t  i s  common 
p r a c t i c e  t o  r e t e m p e r  t h e  mix w i t h  e x t r a  w a t e r .  T h i s  seems 
t o  have  l i t t l e  e f f e c t  on t h e  f i n a l  s t r e n g t h  f o r  m o r t a r  
w h ic h  i s  n o t  more t h a n  two h o u r s  o l d ,  a c c o r d i n g  t o  R i t c h i e
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and  D a v i s o n  ( 1 5 ) .
2 . 1 5 .  Summary.
The f o l l o w i n g  c o n c l u s i o n s  r e p r e s e n t  t h e  g e n e r a l
o p i n i o n s  r e v i e w e d  i n  t h e  p r e c e d i n g  s e c t i o n s  a n d  a r e  i n
b r o a d  a g r e e m e n t  w i t h  t h e  c o n c l u s i o n s  o f  Goodwin and
W est  ( 3 1 ) •
( i )  Maximum bond s t r e n g t h  i s  o b t a i n e d  when t h e  
s u c t i o n  r a t e  o f  t h e  b r ic k :  i s  i n  t h e  r a n g e  
0 . 3 - 1  • 2 kg /m 2 min.
( i i )  T h e re  i s  no f i x e d  opt imum s u c t i o n  r a t e ;  t h e  
r e l a t i o n s h i p  d e p e n d s  upon t h e  b r ic k :  t y p e  an d  t h e  
r e t e n t i v i t y  o f  t h e  m o r t a r .
( i i i )  The s u c t i o n  r a t e  o f  t h e  l o w e r  b r i c k  h a s  a more 
s i g n i f i c a n t  e f f e c t  t h a n  t h e  s u c t i o n  r a t e  o f  t h e  
u p p e r  b r i c k .
( i v )  The b r i c k  t y p e  i s  i m p o r t a n t ,  b u t  t h e r e  i s  a l a c k  
o f  a g r e e m e n t  a s  t o  w h ich  i s  b e s t .
( v )  G e n e r a l l y ,  smooth  b r i c k s  g i v e  a h i g h e r  bond 
• s t r e n g t h  t h a n  r o u g h  b r i c k s .
( v i )  W e l l - g r a d e d  s a n d s  w i t h  r o u n d e d  g r a i n s  g i v e  t h e  
h i g h e s t  bond s t r e n g t h .
( v i i )  P i n e  s a n d s  a r e  b e s t  when u s e d  w i t h  h i g h  s u c t i o n  
r a t e  b r i c k s .
( v i i i )  S an d s  f rom  d i f f e r e n t  s o u r c e s  w hich  h a v e  i d e n t i c a l  
g r a d i n g s  w i l l  n o t  u s u a l l y  e x h i b i t  t h e  same 
b e h a v i o u r .
( i x )  Bond s t r e n g t h  d o e s  n o t  n e c e s s a r i l y  i n c r e a s e  w i t h  
c em en t  c o n t e n t ;  h i g h  l im e  m o r t a r s  a r e  o f t e n  
s u p e r i o r  f o r  use  w i t h  s t i f f - m u d  s h a l e  b r i c k s .
16
( x )  High  l i m e  m o r t a r s  show im p ro v ed  w o r k a b i l i t y  a n d  
r e t e n t i v i t y  an d  l e s s  s h r i n k a g e .
( x i )  M o r t a r  c o n s i s t e n c e  s h o u ld  be a s  h i g h  a s  p r a c t i c ­
a b l e ,  p a r t i c u l a r l y  when h i g h  s u c t i o n  r a t e  b r i c k s  
a r e  u s e d .
( x i i )  H i g h e r  c o n s i s t e n c e  i n c r e a s e s  t h e  r a t i o  o f  bond 
s t r e n g t h  t o  m o r t a r  t e n s i l e  s t r e n g t h  and  i n d u c e s  
f a i l u r e  t o  o c c u r  i n  t h e  body o f  t h e  m o r t a r ,  r a t h e r  
t h a n  a t  t h e  i n t e r f a c e .
( x i i i )  H igh  s u c t i o n  r a t e  b r i c k s  g e n e r a l l y  r e q u i r e  m o r t a r s  
w i t h  h i g h  r e t e n t i v i t y .
( x i v )  Bond s t r e n g t h  i s  u s u a l l y  r e d u c e d  by t h e  use  o f  
p l a s t i c i z e r s  a n d  a i r  e n t r a i n i n g  a g e n t s .
(x v )  P r e - w e t t i n g  h i g h  s u c t i o n  r a t e  b r i c k s  w i l l  i n c r e a s e  
bond " s t r e n g t h .
( x v i )  P r e - w e t t i n g  low o r  medium s u c t i o n  r a t e  b r i c k s  
c o u l d  r e d u c e  bond s t r e n g t h .
( x v i i )  Dry  b r i c k s  o f  a p a r t i c u l a r  s u c t i o n  r a t e  w i l l  g i v e  
h i g h e r  bond s t r e n g t h  t h a n  b r i c k s  o f  a h i g h e r  
s u c t i o n  r a t e  t h a t  h a v e  b e e n  w e t t e d  down t o  t h a t  
l e v e l .
(xviii) - Damp c u r i n g  c o n d i t i o n s  im prove  bond s t r e n g t h .
( x i x )  F r e e z i n g  can  be d e t r i m e n t a l  t o  bond .
(x x )  D e l a y  b e tw een  p l a c i n g  m o r t a r  an d  t o p  b r i c k  w i l l  
r e d u c e  bond s t r e n g t h ,  p a r t i c u l a r l y  f o r  h i g h  
s u c t i o n  r a t e  b r i c k s .
( x x i )  R e t e m p e r i n g  o f  m o r t a r  t o  r e s t o r e  w o r k a b i l i t y  h a s  
l i t t l e  e f f e c t  i f  t h e  m o r t a r  i s  l e s s  t h a n  two h o u r s  
o l d .
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5. A REVIEW OF THE EXPERIMENTAL DETERMINATION OF BOND
STRENGTH.
T e s t s  t o  d e t e r m i n e  bond s t r e n g t h  can  be d i v i d e d  i n t o
t
two c l a s s e s ;  d i r e c t  t e n s i l e  i n  w hich  s t r e s s e s  a r e  u n i f o r m ,  
and  f l e x u r a l  i n  w hich  t h e r e  i s  a l i n e a r  v a r i a t i o n  o f  
t e n s i l e  s t r e s s  a n d ,  i n  some f o rm s  o f  t e s t ,  a s h e a r  
co m p o n en t .
Much u s e f u l  work h a s  b e e n  c a r r i e d  o u t  u s i n g  a 
v a r i e t y  o f  t e s t  m e th o d s .  The s i m p l e s t  i s  p r o b a b l y  t h e  
f l e x u r a l  t e s t  p e r f o r m e d  on a s t a c k  b onded  p i e r  ( f i g . 3 ^ l ) >  
w h ich  h a s  b e e n  c a r r i e d  o u t  a s  a s t a n d a r d  s i t e  t e s t  i n  
A u s t r a l i a  f o r  many y e a r s  ( 3 2 ) .  P e a r s o n  (2 )  h a s  e x a m in e d  
t h i s  f o rm  o f  t e s t ,  b u t  was  o f  t h e  o p i n i o n  t h a t  f o r  
s c i e n t i f i c  work  t h e  l a r g e  num ber  o f  b r i c k s  r e q u i r e d  
would  be t o o  e x p e n s i v e ,  p a r t i c u l a r l y  i f  some o f  t h e  
b r i c k s  were  han d  p i c k e d  f o r  t h e  r e q u i r e d  p r o p e r t i e s .  
A n o t h e r  o b j e c t i o n  r a i s e d  by P e a r s o n  i s  t h a t  t h e  p r e s s u r e  
o f  t a p p i n g  n e c e s s a r y  t o  m a n u f a c t u r e  t h e  s p e c im e n s  w o u ld  
be v i r t u a l l y  i n d e t e r m i n a b l e .  A l s o  t h e  s e l f  w e i g h t  o f  t h e  
b r i c k s  w ou ld  a p p l y  a c o m p r e s s i v e  l o a d  t o  t h e  j o i n t s  
d u r i n g  m a n u f a c t u r e ,  w h ich  w ould  n o t  be t h e  same f o r  a l l  
j o i n t s  i n  t h e  p i e r .
A s i m i l a r  t y p e  o f  t e s t ,  w h ich  a t t e m p t s  t o  remove ’ 
t h e s e  d i f f i c u l t i e s ,  i s  t h e  c a n t i l e v e r  t e s t ,  i n  w h ich  o n l y  
two b r i c k s  a r e  u s e d ,  one o f  w h ic h  i s  c l a m p e d  t o  a f i x e d  
s u r f a c e  a n d  a l e v e r  a rm  i s  a t t a c h e d  t o  t h e  s e c o n d  b r i c k  
( f i g . 3 * 2 ) .  The re  a r e  s e v e r a l  v a r i a n t s  o f  t h i s  t e s t .  
A n d e re g g  (3 3 )  fo rm e d  h i s  c o u p l e t s  w i t h  b o t h  b r i c k s  i n  
l i n e  an d  a t t a c h e d  t h e  l e v e r  arm t o  t h e  s i d e  f a c e s  o f ^ t h e
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b r i c k s ,  w h e r e a s  P e a r s o n  ( 2 )  o f f s e t  t h e  b r i c k s  by a s m a l l  
amount  t o  p r o v i d e  edge  b e a r i n g  s t r i p s  f o r  t h e  l e v e r  a rm .  
B e c a u s e  one b r i c k  o f  t h e s e  c o u p l e t s  i s  c lam ped  t o  a 
v e r t i c a l  s u r f a c e  and  l o a d i n g  i s  by g r a v i t y ,  t h e r e  w i l l  be 
a s m a l l  s h e a r  s t r e s s  a p p l i e d  t o  t h e  s p e c im e n .  I n  s p i t e  o f  
t h i s ,  P e a r s o n  (2 )  r e p o r t s  t h a t  t h e  maximum t e n s i l e  
s t r e s s e s  d e v e l o p e d  a r e  w e l l  i n  e x c e s s  o f  t h e  d i r e c t  
t e n s i l e  bond s t r e n g t h .  O t h e r  o b j e c t i o n s  t o  t h i s  fo rm  o f  
t e s t  a r e  t h a t  t h e  s t r e s s e s  on t h e  two i n t e r f a c e s  w i l l  n o t  
be t h e  same b e c a u s e  o f  t h e  d i f f e r e n c e  i n  t h e  l e v e r  a r m s ,  
and  t h a t  o n l y  t h e  m o r t a r  a t  t h e  p o i n t  o f  maximum t e n s i l e  
s t r e s s  w i l l  be c o n t r i b u t i n g  s i g n i f i c a n t l y  t o  t h e  bond ,  so  
a n y  l a c k  o f  c o n t a c t  a t  t h e -  ed g e  w i l l  be c r i t i c a l .  C o p e l a n d  
a n d  S a x e r  ( 2 5 ) u se  a s i m i l a r  c o n f i g u r a t i o n  f o r  t h e  t e s t i n g  
o f  c o n c r e t e  b l o c k s  bonded t o g e t h e r ,  a l t h o u g h  t h e i r  s y s t e m  
i s  r o t a t e d  t h r o u g h  9 0 °  w h i l s t  r e t a i n i n g  t h e  v e r t i c a l  
a p p l i c a t i o n  o f  l o a d  ( f i g . 3 . 3 ) .
P e a r s o n  h a s  a l s o  i n v e s t i g a t e d  t h e  w a l l  t e s t ,  i n  
w h ic h  b r i c k s  were  l e v e r e d  f ro m  a w a l l  ( f i g . 3»k)  w h ic h  was 
b u i l t  t o  t a k e  s e v e r a l  rows o f  b r i c k s  a n d  was known, 
b e c a u s e  o f  i t s  a p p e a r a n c e ,  a s  an  a l t a r .  The m ethod  g a v e  
c o n s i s t e n t  r e s u l t s ,  b u t  s u f f e r e d  f ro m  t h e  same i n h e r e n t  
d i s a d v a n t a g e s  a s  o t h e r  f l e x u r a l  t e s t s .  I n  a d d i t i o n , •o n c e  a 
s e t  o f  b r i c k s  h a v e  been  l e v e r e d  o f f  t h e  w a l l ,  t h e  t o p  
s u r f a c e s  o f  t h e  b r i c k s  f o r m i n g  t h e  w a l l  w i l l  n o t  be i n  t h e  
same c o n d i t i o n  a s  t h e y  were  o r i g i n a l l y  and  c o u l d  n o t  be 
e x p e c t e d  t o  beh av e  i n  t h e  same way a g a i n .  The c h a n g e  i n  
p e r f o r m a n c e  may n o t  be i m p o r t a n t ,  b u t  i t  i s  a f a c t o r  
w h ich  s h o u l d  be t a k e n  i n t o  a c c o u n t .
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A new a p p r o a c h  h a s  b e e n  a d o p t e d  by J a i n  ( 3 k )  i n  
w hich  a f o r c e  i s  a p p l i e d  t o  s p l i t  a p a r t  a j o i n t  ( f i g . 3*5)* 
T h i s  m ethod  g i v e s  r e s u l t s  w h ich  f o l l o w  t h e  w e l l - k n o w ni
f a i l u r e  p a t t e r n s  f o r  r i c h  m o r t a r s  o f  r u p t u r e  c l o s e  t o  t h e  
i n t e r f a c e  a n d  f o r  weak m o r t a r s  o f  an  i l l - d e f i n e d  f a i l u r e  
p l a n e .  I t  i s ,  h o w e v e r ,  d i f f i c u l t  t o  j u s t i f y '  t h i s  t y p e  o f  
t e s t  a s  e i t h e r  a s i m p l e ,  u n i f o r m  s t r e s s  s y s t e m  f o r  
m a t e r i a l s  r e s e a r c h ,  o r  a s  a m odel  o f  a p r a c t i c a l  s i t u a t i o n  
f o r  s t r u c t u r a l  a s s e s s m e n t .  R e c e n t l y  T a y l o r  a n d  T a y l o r -  
P i r t h  (3 5 )  h a v e  d e v e l o p e d  a s u c c e s s f u l  s h e a r / f l e x u r a l  
s y s t e m  f o r  t e s t i n g  b r i c k  c o u p l e t s  u n d e r  v a r i o u s  l e v e l s  o f  
p r e c o m p r e s s i o n  ( f i g . 3 . 6 ) .  T h e i r  m e th o d ,  u s i n g  o n l y  l i  
b r i c k s  p e r  t e s t ,  p r o v i d e s  p r o b a b l y  t h e  m o s t  v a l i d  r e p r e s ­
e n t a t i o n  o f  i n - p l a n e  b e h a v i o u r  y e t  d e v i s e d .
The c r i t i c a l  p r o b l e m  w i t h  d i r e c t  t e n s i o n  t e s t i n g  o f  
b r i c k w o r k  s a m p le s  i s  t h a t  o f  a c h i e v i n g  a u n i f o r m  s t r e s s  
f i e l d  w i t h i n  t h e  s p e c im e n .  The m o s t  p o p u l a r  t e s t  o v e r  t h e  
l a s t  h a l f - c e n t u r y  h a s  been  t h e  c r o s s e d - b r i c k  c o u p l e t  ( 2 , 7 ,  
9 , 1 0 , 1 1 , 1 2 , 3 6 ) .  T h i s  t e s t  ( f i g . 3 . 7 )  h a s  t h e  a d v a n t a g e s  
t h a t  t h e  m a n u f a c t u r e  o f  s p e c i m e n s  i s  a s i m p l e  a n d  w e l l -  
c o n t r o l l e d  p r o c e d u r e ,  a n d  t h a t  t e s t i n g  c a n  be c a r r i e d  o u t  
u s i n g  a n y  s t a n d a r d  c o m p r e s s i o n  t e s t i n g  m a c h in e .  Most  t e s t  
m e th o d s  use  a t h r e e - p o i n t  b e a r i n g  s y s t e m  i n  o r d e r  t o  
a c h i e v e  t h e  r e q u i r e d  s t r e s s  d i s t r i b u t i o n ,  a l t h o u g h  H a b ib  
a n d  L e e d s  (1 2 )  h a v e  d e v e l o p e d  a n o v e l  f o u r - p o i n t  s y s t e m  
w i t h  two o f  t h e  b e a r i n g s  c o n n e c t e d  t o g e t h e r  and  p i n n e d  t o  
t h e  s u p p o r t  ( f i g . 3 « 8 ) .  To t a k e  a c c o u n t  o f  a n y  l a c k  o f  
a l i g n m e n t  o f  t h e  u p p e r  a n d  l o w e r  s u r f a c e s  o f  t h e  s p e c i m e n ,  
a s p h e r i c a l  b e a r i n g  i s  u s u a l l y  i n c l u d e d  i n  t h e  t e s t  s e t  up.
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T h i s  may n o t ,  h o w e v e r ,  a l l o w  much f r e e d o m  o f  r o t a t i o n  
when u n d e r  h i g h  l o a d s .  K u e n n in g  (3 7 )  h a s  c a l c u l a t e d  t h a t  
t h e  s y s t e m  o f  l o a d i n g  w i l l  c a u s e  t h e  b r i c k s  t o  b en d ,
- f cp r o d u c i n g  t e n s i l e  s t r a i n s  i n  t h e  m o r t a r  o f  a b o u t  120x10 
f o r  a t y p i c a l  s am p le  u n d e r  a s t r e s s  o f  0.5N/mm2 . T h i s  
b e n d i n g  a c t i o n  w i l l  i n d u c e  f a i l u r e  a t  t h e  e d g e s  o f  t h e  
m o r t a r  a t  l e v e l s  o f  l o a d  w h ich  w i l l  u n d e r e s t i m a t e  t h e  
t r u e  t e n s i l e  s t r e n g t h  o f  t h e  j o i n t .  A f u r t h e r  o b j e c t i o n  
w h ic h  c o u l d  be r a i s e d  i s  t h a t  a t y p i c a l  f a i l u r e  l o a d  o f  
a b o u t  3 “ 4^kN would  be w e l l  be low t h e  n o r m a l '  o p e r a t i n g  
r a n g e  o f  most  c o m p r e s s i o n  t e s t i n g  m a c h in e s  and  u n l e s s  a 
s u i t a b l e  l o a d  c e l l  was i n c o r p o r a t e d  i n t o  t h e  s y s t e m ,  
r e s u l t s  c o u l d  i n c l u d e  s i g n i f i c a n t  e r r o r s .
T h e re  h a v e  been  s e v e r a l  v e r s i o n s  o f  b o n d e d - p l a t e  
t e s t  b e g i n n i n g  v / i th  J o h n s t o n ,  D e a r  and  W h i t t e m o re  ( 1 1 ) ,  
who a t t a c h e d  a p e r f o r a t e d  d i s c  t o  t h e  t o p  f a c e  o f  a 
m o r t a r  bed  i n  o r d e r  t o  d e t e r m i n e  i t s  bond s t r e n g t h  t o  
c o n c r e t e  b l o c k  ( f i g . 3 ^ 9 ) *  Load  was a p p l i e d  i n  d i r e c t  
t e n s i o n  t h r o u g h  a u n i v e r s a l  j o i n t .  T h e re  i s  a l s o  . H i n d e r -  
s o n ’ s m ethod  ( f i g .  3 . 1 0 )  u s e d  by H o g b e rg  ( 2 2 ) ,  who r e p o r t s  
t h a t  s t r e n g t h s  o b t a i n e d  by t h i s  m e th o d  c a n  be up t o  t h r e e  
t i m e s  t h e  c r o s s e d - b r i c k  s t r e n g t h s .  The p r o c e d u r e  i s  
e s s e n t i a l l y  a r e f i n e m e n t  o f  t h a t  u s e d  by J o h n s t o n  e t  a l  
i n  t h a t  a c i r c u l a r  g r o o v e  i s  r o u t e d  i n  t h e  m o r t a r  bed  
w h ic h  i s o l a t e s  a n  80mm d i a m e t e r  s e c t i o n  o f  m o r t a r  t o  
w hich  i s  b onded  a n  a lu m in iu m  d i s c .  T h i s  d i s c  i s  t h e n  
p u l l e d  o f f  h y d r a u l i c a l l y .  B o th  t h e s e  t e s t s  h av e  two d i s ­
a d v a n t a g e s .  I t  w ou ld  be d i f f i c u l t  t o  e n s u r e  t h a t  t h e  
f o r c e s  a p p l i e d  a r e  p e r p e n d i c u l a r  t o  t h e  m o r t a r  b e d ,  a n d
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a l s o  t h e  t e s t  i s  d e s i g n e d  t o  t e s t  t h e  bond s t r e n g t h  o f  a 
m o r t a r  bed  p l a c e d  in  i s o l a t i o n  upon a b r i c k  o r  b l o c k .  T h i s '  
i s  o b v i o u s l y  a s i t u a t i o n  w h ich  would n o t  o c c u r  i n  p r a c t i c e  
a n d  t h e  s y s t e m  may n o t  n e c e s s a r i l y  b e h a v e  i n  t h e  same way 
a s  a n o rm a l  b r i c k w o r k  j o i n t .
Sam p les  c o n s i s t i n g  o f  two h a l f - b r i c k s  bonded  t o g e t h e r  
hav e  been  t e s t e d  u s i n g  t h e  b o n d e d - p l a t e  m e th o d  by 
K u e n n in g  ( 3 7 ;  a n d  by S in h a  a n d  H endry  ( 3 $ ) .  I n  t h e s e  t e s t s  
p l a t e s  a r e  bonded t o  t h e  t o p  b r i c k  ( a n d  i n  t h e  c a s e  o f  
S in h a  and  H endry ,  t o  t h e  b o t to m  b r i c k  a l s o )  a n d  t h e  b r i c k s  
a r e  p u l l e d  a p a r t  i n  d i r e c t  t e n s i o n .  The main  d i f f i c u l t y  
w i t h  t h i s  t e s t  i s  t o  e n s u r e  t h a t  t h e  t e n s i l e  s t r e s s e s  a r e  
u n i f o r m .  I t  a l s o  s u f f e r s  Yrom t h e  d i s a d v a n t a g e  t h a t  e x t r a  
t im e  and  e f f o r t  a r e  n e e d e d  t o  p r e p a r e  t h e  s a m p le  f o r  
t e s t i n g  b e c a u s e  o f  t h e  n e c e s s i t y  t o  bond t h e  p l a t e s  t o  t h e  ' 
b r i c k s .  A l s o ,  s e v e r a l  s e t s  o f  p l a t e s  would be r e q u i r e d  i n  
o r d e r  t o  t e s t  a b a t c h  o f  s e v e r a l  s p e c i m e n s .
A c l o s e r  s t e p  t o w a r d s  a t r u l y  a x i a l  t e s t  h a s  b e e n  
t a k e n  by R i t c h i e  (3 9 )  and  by T y t h e r l e i g h  and  Youl  (UO). 
R i t c h i e  h a s  d e v i s e d  s c l a m p i n g  s y s t e m  i n  w h ic h  r i g i d  
f r a m e s  a r e  b o l t e d  t o  t h e  b o t t o m  a n d  s e c o n d - t o - b o t t o m  
b r i c k s  o f  a s t a c k  ( f i g . 3 . 1 1 ) •  The c l a m p i n g  b o l t s  h a v e  
s w i v e l l i n g  b e a r i n g  p a d s  t o  g i v e  good c o n t a c t  a n d  p ly w o o d  
o r  l e a t h e r  p a c k i n g  p i e c e s  a r e  p l a c e d  b e tw e e n  t h e  b e a r i n g  
p a d s  and  t h e  b r i c k .  The c l a m p i n g  f r a m e s  a r e  p o s i t i o n e d  
u s i n g  s p e c i a l  s p a c e r s  w hich  e n s u r e  t h a t  t h e  f r a m e s  w i l l  
be p a r a l l e l .  H a n g e r  b a r s  a r e  p l a c e d  u n d e r  t h e  t o p  f r a m e  
w i t h  a b a l l  a n d  s o c k e t  j o i n t  t o  t h e  t e s t i n g  m a c h in e .  The 
b o t to m  f ra m e  i s  h e l d  r i g i d .  T h i s  m e thod  seems t o
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r e p r e s e n t  a more u n i f o r m  a x i a l  mode, b u t  g r e a t  c a r e  m us t  
be t a k e n  t o  e n s u r e  t h a t  t h e  f r a m e s  a r e  p l a c e d  e x a c t l y  
p a r a l l e l  and  no movement t a k e s  p l a c e  when t h e  e i g h t  b o l t s  
on e a c h  f r a m e  a r e  t i g h t e n e d .  Bond s t r e n g t h s  up t o  s b o u t  
0.7N/mm^ c a n  be o b t a i n e d  w i t h  t h i s  s y s t e m ,  b u t  f o r  l o w e r  
s t r e n g t h s  (u p  t o  0.2N/mm2 ) ,  a s i m p l e r  c l a m p i n g  f r a m e  w i t h  
o n l y  two b o l t s  p e r  s i d e ,  b e a r i n g  d i r e c t l y  o n t o  t h e  b r i c k ,  
h a s  been  u s e d .
T y t h e r l e i g h  a n d  Youl u se d  s m a l l  b r i c k  u n i t s ,  a p p r o x ­
i m a t e l y  50mm s o u a r e ,  h a v i n g  a s l i g h t  t a p e r .  They a r e  
bo n d ed  t o g e t h e r  i n  p a i r s  a n d  t e s t e d  u s i n g  a s t a n d a r d  
H o u n s f i e l d  T e n s i o n  T e s t i n g  Machine  ( f i g . 3 * 1 2 ) .  A d i f f ­
i c u l t y  w i t h  t h i s  fo rm  o f  t e s t  i s  t h a t  a h i g h  d e g r e e  o f  
a c c u r a c y  would  be n e c e s s a r y  d u r i n g  m a n u f a c t u r e  b e c a u s e  o f  
t h e  s m a l l n e s s  o f  t h e  s a m p le .
The r e q u i r e m e n t  f o r  t r u e  a x i a l i t y  i s  o f  v i t a l  
i m p o r t a n c e  b e c a u s e  an y  e c c e n t r i c i t y  o f  l o a d i n g ,  o r  a n y  
s m a l l  l a t e r a l  l o a d  w i l l  g i v e  r i s e  t o  a d d i t i o n a l  t e n s i l e  
s t r e s s e s  a t  some p o i n t  w i t h i n  t h e  m o r t a r  j o i n t  c a u s i n g  
t e n s i l e  f a i l u r e  t o  o c c u r  p r e m a t u r e l y .  The i d e a l  f o rm  o f  
t e n s i l e  t e s t  t h e n  s h o u l d  h a v e  t h e  f o l l o w i n g  c h a r a c t e r ­
i s t i c s :
( i )  S p e c im e n s  s h o u l d  c o n s i s t  o f  a p a i r  o f  b r i c k s  o n l y ,  
so  t h a t  l a y i n g  c o n d i t i o n s  may be c o n t r o l l e d  t o  
r e d u c e  v a r i a t i o n s  b e tw e e n  j o i n t s .
( i i )  The bonded a r e a  s h o u l d  be a s  l a r g e  a s  p o s s i b l e  i n  
o r d e r  t o  r e d u c e  t h e  s i g n i f i c a n c e  o f  random 
v a r i a t i o n s  i n  b r i c k  s u r f a c e ,  m o r t a r  q u a l i t y  a n d  
b r i c k / m o r t a r  c o n t a c t  f ro m  p o i n t  t o  p o i n t .
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( i i i )  Spec im en  m a n u f a c t u r e  s h o u l d  be c l o s e l y  c o n t r o l l e d  
by some fo rm  o f  j i g  w h ic h  i s  s im p l e  t o  u se  b u t  
w h ich  g i v e s  j o i n t  d i m e n s i o n s  t h a t  a r e  u n i f o r m  a n d  
r e p r o d u c i b l e .
( i v )  The m e c h a n i c a l  d e v i c e  f o r  a p p l y i n g  l o a d . t o  t h e  
s p e c im e n  s h o u l d  be s i m p l e  and  q u i c k  t o  f i t  a n d  
s h o u l d  be f u l l y  a d j u s t a b l e  i n  o r d e r  t o  e l i m i n a t e  
an y  n o n - u n i f o r m i t y  i n  s t r e s s  d i s t r i b u t i o n  a n d  a n y  
n o n - a x i a l i t y  w i t h i n  t h e  s y s t e m .
( v )  The t e s t i n g  m a c h in e  s h o u l d  h a v e  a s e l e c t i o n  o f  
o p e r a t i n g  r a n g e s  w i t h  maximum l o a d s  up t o  a b o u t  
lOjkN, and  s h o u l d  p r o v i d e  a p e r m a n e n t  r e c o r d  o f  l o a d  
a n d  d e f l e c t i o n  t h r o u g h o u t  t h e  t e s t .
I t  was f e l t  t h a t  none o f  t h e  t e s t  m e th o d s  d e s c r i b e d  
i n  . t h i s  c h a p t e r  p o s s e s s  t h e  f i v e  c h a r a c t e r i s t i c s  l i s t e d  
a b o v e  t o  an  a c c e p t a b l e  d e g r e e  a n d  t h a t  a new d e s i g n  was 
d e s i r a b l e .
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U.  RESULTING TENSILE frEST APPARATUS.
A f t e r  c a r e f u l  c o n s i d e r a t i o n  o f  t h e  t e s t  r e q u i r e m e n t s  
l i s t e d  i n  t h e  p r e v i o u s  c h a p t e r ,  a new fo rm  o f  a p p a r a t u s  
was d e s i g n e d  and  b u i l t  w i t h  a h i g h  d e g r e e  o f  f l e x i b i l i t y  
a t  a l l  j o i n t s  t o  a l l o w  f o r  i r r e g u l a r i t i e s  i n  s p e c im e n  
d i m e n s i o n s  and  t o  e n s u r e  a x i a l i t y .
The a p p a r a t u s ,  shown i n  f i g u r e  if. 1 , a c c e p t s  a c o u p l e t  
c o n s i s t i n g  o f  p a r a l l e l  b r i c k s  b onded  t o g e t h e r  o v e r  an  a r e a  
o f  a p p r o x i m a t e l y  100mm x 150mm. T h i s  a r e a  i s  a b o u t  50% 
l a r g e r  t h a n  t h e  b onded  a r e a  o f  a s t a n d a r d  c r o s s e d - b r i c k  
c o u p l e t .  Load i s  a p p l i e d  t o  t h e  s p e c im e n ,  v i a  f o u r  f u l l y  
a d j u s t a b l e  s l i n g s  and two l o a d - t r a n s f e r  p l a t e s ,  u s i n g  a 
v a r i a b l e  r a n g e  M onsanto  t e n s o m e t e r .  Between f i v e  a n d  t e n  
s p e c i m e n s  c o u l d  be t e s t e d  i n  one h o u r .
The r e l i a b i l i t y  o f  t h e ’ a p p a r a t u s  was a s s e s s e d  u s i n g  
e l e c t r i c a l  r e s i s t a n c e  s t r a i n  g a u g e s .  R e a d i n g s  w ere  t a k e n  
o f  t h e  s t r a i n s  i n  e a c h  v e r t i c a l  h a n g e r  ro d  f o r  a s e l e c t i o n  
o f  t h e  m o s t  b a d l y  s h a p e d  s p e c i m e n s ,  i n  o r d e r  t o  t e s t  t h e  
e f f e c t i v e n e s s  o f  t h e  s y s t e m  i n  g i v i n g  u n i f o r m  s t r e s s e s .
F i g u r e  4.2-.. shows a t y p i c a l  s e t  o f  r e s u l t s  f ro m  t h e  
g a u g e s  on t h e  t o p  f o u r  h a n g e r  r o d s  d u r i n g  t h e  t e s t i n g  o f  
a s p e c im e n  u s i n g  F u n t o n  s t o c k  b r i c k s .  T hese  b r i c k s  w ere  
o f  p o o r  s h a p e  a n d  i t  was f e l t  t h a t  t h e  b e t t e r  s h a p e  a n d  
u n i f o r m i t y  o f  t h e  o t h e r  two t y p e s  o f  b r i c k  u s e d  ( S o u t h -  
w a t e r  e n g i n e e r i n g  an d  H o l b r o o k  f a c i n g )  would  g i v e  much 
b e t t e r  r e s u l t s .
The d o t t e d  l i n e  shows t h e  a v e r a g e  t e n s i l e  s t r a i n  
c a l c u l a t e d  f ro m  t h e  r e c o r d e d  u l t i m a t e  l o a d  f o r  t h i s  
s a m p le .  The f i g u r e  shows t h a t  t h e  maximum e r r o r  i n
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F i g u r e  U . 1.  T e n s i l e  t e s t  a p p a r a t u s .
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t e n s i l e  s t r e s s  i s  a b o u t  10% a t  85% o f  u l t i m a t e  l o a d ,  f o r  
t h i s  s p e c im e n .
The use  o f  s t r a i n  g a u g e s  a l s o  p r e s e n t e d  an  o p p o r ­
t u n i t y  t o  a s s e s s  w h e t h e r  o r  n o t  c r e e p  had  t a k e n  p l a c e  
d u r i n g  l o a d i n g .  A f t e r  t h e  s t r a i n s  had  been  r e c o r d e d  on a l l  
g a u g e s ,  t h e  f i r s t  r e a d i n g  was c h e c k e d .  D u r i n g  t h e  p e r i o d  
o f  a b o u t  two m i n u t e s  i n  w hich  t h e  r e a d i n g s  were t a k e n ,  t h e  
s t r a i n  r e g i s t e r e d  by t h e  f i r s t  g a u g e s  h a d  n o t  c h a n g e d  by 
more t h a n  a b o u t  2 t o  U x 10- 6 . I t  can  t h e r e f o r e  be c o n ­
c l u d e d  t h a t  o v e r  t h e  d u r a t i o n  o f  t h e  t e s t  no s i g n i f i c a n t  
r e d u c t i o n  i n  l o a d  h ad  t a k e n  p l a c e  due t o  c r e e p .
In  a l l ,  a b o u t  1000 c o u p l e t s  h a v e  been  s u c c e s s f u l l y  
t e s t e d  on t h i s  a p p a r a t u s ,  " the p u r p o s e  and  r e s u l t s  o f  
which  w i l l  be d e s c r i b e d  i n  s e c t i o n s  6 and  9*
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5. PROPERTIES OP MATERIALS USED.
F o r  t h e  m a n u f a c t u r e  o f  t h e  b r i c k  c o u p l e t s  f o r  
t e n s i l e  bond s t r e n g t h  t e s t i n g ,  t h e  f o l l o w i n g  m a t e r i a l s  
were  c h o s e n :
B r i c k s :  S o u t h w a t e r  e n g i n e e r i n g  ( d o u b l e  f r o g )
H olbrook ,  f a c i n g  (2 3  p e r f o r a t i o n s )
F u n to n  s t o c k
s u p p l i e d  by R e d l a n d  B r i c k  Co. L t d .
Sand :  Amckley w ashed  b u i l d i n g  s a n d
s u p p l i e d  by ARC L t d .
Cement :  OPC
s u p p l i e d  by K e t t o n  P o r t l a n d  Cement Co. L t d .
L im e:  Limbux h y d r a t e d  l im e
s u p p l i e d  by IC I  (B u x to n )  p i c .
The f o l l o w i n g  s u b s e c t i o n s  d e s c r i b e  t h e  r e l e v a n t  
p r o p e r t i e s  o f  t h e s e  m a t e r i a l s .
5 . 1 .  B r i c k  S u c t i o n  R a t e .
S u c t i o n  r a t e s  were  d e t e r m i n e d  f o r  t e n  S o u t h w a t e r ,  
H o l b r o o k  and  F u n t o n  b r i c k s  by m e a s u r i n g >t h e  w e i g h t  o f  
w a t e r  a b s o r b e d  p e r  u n i t  a r e a  o f  t h e  bed  f a c e  i n  one 
m i n u t e .
In  e a c h  c a s e  t h e  n e t  a r e a  o f  t h e  bed  f a c e  was  u s e d ,  
a l l o w a n c e  b e i n g  made f o r  f r o g s  a n d  p e r f o r a t i o n s ,  a l t h o u g h  
t h e  use  o f  t h e  n e t  a r e a  o f  a p e r f o r a t e d  b r i c k  may l e a d  t o  
a n  o v e r e s t i m a t e  o f  t h e  s u c t i o n  r a t e  ( U l ) .
A S o u t h w a t e r  b r i c k  w i t h  a d e e p  c r a c k  was t e s t e d  a n d  
was f o u n d  t o  hav e  a s u c t i o n  r a t e  o f  0.  98kg /m 2min.  T h i s  
r e s u l t  h a s  n o t  b e e n  u s e d  i n  t h e  c a l c u l a t i o n  o f  t h e  mean 
v a l u e  g i v e n  on t h e  f o l l o w i n g  p a g e .
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B r i c k  Type Mean S u c t i o n  R a te  
( k g /m 2min) Ra nge ( kg /m 2m in)
S o u t h w a t e r 0 . 1 3 0 . 0 6 - 0 . 1 8
H o lb r o o k 0 . 2 5 0 . 2 1 - 0 . 2 8
F u n to n 3 . 0 4 1 . 3 6 - 5 . 4 5
5 . 2 .  B r i c k  S u c t i o n  R a te  A f t e r  A d j u s t m e n t .
As a p a r t  o f  t h e  e x p e r i m e n t a l  t e s t  p rogram m e,  some o f  
t h e  S o u t h w a t e r  and  H o l b r o o k  b r i c k s  w ere  s u c t i o n  r a t e  
a d j u s t e d ,  by d u n k i n g  f o r  one m i n u t e ,  f o l l o w e d  by 30  -  45  
m i n u t e s  d r a i n .  The s a m p le  b a t c h  u s e d  i n  s e c t i o n  5 .1  was 
t r e a t e d  i n  t h i s  way and  t h e  r e s u l t i n g  s u c t i o n  r a t e s  w ere  
d e t e r m i n e d .
B r i c k  Type Mean A d j u s t e d  S u c t i o n  
R a t e  ( k g /m 2min) Range( k g /m 2min)
S o u t h w a t e r 0 . 0 6 6 0 . 0 5 6 - 0 . 0 7 4
H o lb ro o k 0 . 0 7 9 0 . 0 2 7 - 0 . 1 0 3
5 . 3 .  B r i c k  W a te r  A b s o r p t i o n .
The p e r c e n t a g e  w a t e r  a b s o r p t i o n s  w ere  d e t e r m i n e d  by 
t h e  f i v e  h o u r  b o i l i n g  m e th o d  on t e n  s a m p l e s  o f  e a c h  b r i c k  
t y p e ,  i n  a c c o r d a n c e  w i t h  BS3921, " C la y  B r i c k s  a n d  B locks '* .
B r i c k  Type W a te r  A b s o r p t i o n  
(%)
Range
( * j
S o u t h w a t e r 1 . 7 1 . 4 - 2 . 4
H o lb r o o k 4 . 5 3 . 0 - 5 . 2
F u n to n 2 5 .O 1 7 . 1 - 3 4 . 4
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5.U.  P a r t i c l e  S i z e  A n a l y s i s .
F i g u r e  5 .1  shows t h e  p a r t i c l e  s i z e  a n a l y s i s  o f  t h e  
m a t e r i a l s  used  i n  t h e  m o r t a r .  (D a ta  f rom  K e t t o n  Cement 
a n d  IC I  B ux ton  f o r  cem en t  and  l i m e ) .
5 . 5 .  M o r t a r  S t r e n g t h .
In  t h i s  s e c t i o n  t h e  m o r t a r  s t r e n g t h s  a r e  t h e  mean 
v a l u e s  f o r  e a c h  g r a d e  o f  m o r t a r ,  f o r  w h ich  t h e  r a n g e  o f  
c o n s i s t e n c e  was a p p r o x i m a t e l y  8-li|.mm ( d r o p p i n g  b a l l  
p e n e t r a t i o n ) .  The c o m p l e t e  r e s u l t s  w i l l  be g i v e n  i n  
s e c t i o n  9*1 .  Each  v a l u e  i s  t h e  mean o f  18  s p e c i m e n s .  Cube 
s t r e n g t h s  a r e  b a s e d  on 75mm c u b e s  and f l e x u r a l  s t r e n g t h s  
on 100x25x25mm p r i s m s .  A l l  s p e c im e n s  w ere  c u r e d  f o r  28 
d a y s  i n  p u r p o s e - b u i l t  c a b i n e t s  a s  shown i n  f i g u r e  7 . 7 .
M o r t a r
D e s i g n a t i o n
Cube S t r e n g t h  ( N/mm2 ) F l e x u r a l  S t r e n g t h  (N/mm2) BS5628R e o u i r e m e n t
(N/mm2 )
U )  1 - ; i : 3 . 2 4 . 0 5 . 7 1 6. 0
( i i )  n i : k i 1 3 . 7 1 6 . 5
( i i i )  1 : 1 : 6 6 . 2 2 . 9 3 . 6
( i v )  1 : 2 : 9 2 . 8 1 . 5 1 . 5
The l a s t  co lumn g i v e s  t h e  r e q u i r e d  cu b e  c r u s h i n g  
s t r e n g t h s  f o r  l a b o r a t o r y  t e s t s ,  g i v e n  i n  BS5 6 2 8 : P a r t  1 :  
1978.  I t  c a n  be s e e n  t h a t  t h e  m o r t a r  s t r e n g t h s  a r e  
c o n s i d e r a b l y  h i g h e r  t h a n  t h e  minimum r e q u i r e m e n t s .
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Figure 5 .1 .  P a r t i c l e  size a n a l y s i s  of cement ,  lime and s a n d
6. D E V IL S  OP ENGINEERING TEST PROGRAMMES.
U s in g  th e  m a t e r i a l s  s p e c i f i e d  i n  s e c t i o n  5> t h e  
f o l l o w i n g  f o u r  e x p e r i m e n t a l  p rog ram m es  were d e v i s e d  t o  
i n v e s t i g a t e  some o f  t h e  m o s t  i m p o r t a n t  f a c t o r s  w hich  
i n f l u e n c e  bond s t r e n g t h .
Prom s e c t i o n  2 . 1 3  i t  can  be s e e n  t h a t  a c o m p r e h e n s i v e  
e x p e r i m e n t a l  programme t o  s t u d y  a l l  t h e  m a j o r  v a r i a b l e s  
w ould  be a f o r m i d a b l e  t a s k .  C o n s e q u e n t l y ,  some c o m p ro m is e s  
h a v e  p r o v e d  n e c e s s a r y .  The f o l l o w i n g  p rog ram m es  have  b een  
d e v i s e d  t o  exam ine  some o f  t h e  more i m p o r t a n t  p o i n t s  i n  
s e c t i o n  2.13> o r  t h o s e  a b o u t  w h ich  t h e r e  i s  some d i s ­
a g r e e m e n t  i n  t h e  l i t e r a t u r e  a n d  f o r  w h ich  t h e  c o n c l u s i o n s  
a r e  u n c l e a r  ( i n  p a r t i c u l a r ,  p o i n t s  i v ,  v ,  i x ,  x v i  a n d  
x i x ) .
6 . 1 .  M o r t a r  Program m e.
D e s i g n e d  t o  i n v e s t i g a t e :
E f f e c t  o f  p r e - w e t t i n g  b r i c k s  o f  low s u c t i o n  r a t e .  
E f f e c t  o f  m o r t a r  t y p e .
E f f e c t  o f  w a t e r  c o n t e n t  o f  m o r t a r .
V a r i a b l e s  s t u d i e d :
The b r i c k s  u se d  were S o u t h w a t e r  e n g i n e e r i n g  and  H o lb ro o k  
f a c i n g .
The two s u c t i o n  r a t e  a d j u s t m e n t  c a s e s  r e f e r  t o  u n a d j u s t e d  
a n d  d u n k ed  a s  s p e c i f i e d  i n  s e c t i o n  5*2 .
M o r t a r  g r a d e s  w ere  a s  s p e c i f i e d  i n  s e c t i o n  3*5 u s i n g  t h e
B r i c k  t y p e
S u c t i o n  r a t e  a d j u s t m e n t  
M o r t a r  g r a d e  
W a te r  c o n t e n t  o f  m o r t a r  
Humber o f  c o u p l e t s  p e r  t e s t
k6
5
2
2
T o t a l  number  o f  c o u p l e t s  U80
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mix p r o p o r t i o n s  g i v e n  i n  t a b l e  6 o f  BSU551!1980 ,  and r e ­
p r o d u c e d  i n  s e c t i o n  7»
S i x  w a t e r  c o n t e n t s  were  u s e d ,  i n  s t e p s  o f  0,3%  by w e i g h t  
o f  d r y  c o n s t i t u e n t s .
6 . 2 .  Sand G r a d i n g  Program m e.
D e s i g n e d  t o  i n v e s t i g a t e :
E f f e c t  o f  s a n d  g r a d i n g .
E f f e c t  o f  p r e - w e t t i n g  b r i c k s .
V a r i a b l e s  s t u d i e d :
The b r i c k  t y p e s  a n d  s u c t i o n  r a t e  a d j u s t m e n t . w e r e  t h e  same 
a s  i n - t h e  m o r t a r  programme .
M o r t a r  g r a d e  ( i i )  w i t h  1 9 i #  w a t e r  was c h o s e n  f o r  . t h e  
H o l b r o o k  f a c i n g  b r i c k s  a n d  m o r t a r  g r a d e  ( i i i )  w i t h  2-\% 
w a t e r  was c h o s e n  f o r  t h e  S o u t h w a t e r  e n g i n e e r i n g  b r i c k s  a s  
t h e  m os t  s u i t a b l e  mix i n  e a c h  c a s e ,  b a s e d  on t h e  r e s u l t s  
o f  t h e  m o r t a r  programme.
M o r t a r  g r a d e  ( i i )  was c h o s e n  i n  p r e f e r e n c e  t o  g r a d e  ( i )  
. b e c a u se  i t  was f e l t  t h a t  t h e  c o a r s e r  s a n d s  u s e d  i n  t h i s  
programme would  r e q u i r e  a h i g h e r  l i m e  c o n t e n t  i n  t h e  
m o r t a r  t o  g i v e  a d e q u a t e  w o r k a b i l i t y .
6. 3. S u c t i o n  R a te  P rogram m e.
D e s i g n e d  t o  i n v e s t i g a t e :
B r i c k  t y p e
Sand g r a d i n g s
S u c t i o n  r a t e  a d j u s t m e n t
2
72
Number o f  c o u p l e t s  p e r  t e s t  10
T o t a l  number  o f  c o u p l e t s  280
E f f e c t  o f  b r i c k  s u c t i o n  r a t e
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V a r i a b l e s  s t u d i e d :
B r i c k  s u c t i o n  r a t e 6
Number o f  c o u p l e t s  p e r  t e s t  10
T o t a l  number  o f  c o u p l e t s  60
I n  o r d e r  t o  g i v e  a w ide  r a n g e  o f  s u c t i o n  r a t e s ,  a 
F u n to n  , s t o c k  b r i c k  was u s e d .  The one m i n u t e  s u c t i o n  
r a t e s  were  d e t e r m i n e d  f o r  a l m o s t  400 b r i c k s  a n d  f ro m  t h e s e ,  
20 were  c h o s e n  i n  e a c h  o f  t h e  f o l l o w i n g  s u c t i o n  r a t e  b a n d s :
0 . 0 0  -  0 . 7 5  kg/rn^ min0.76  -  1 . 5 0  n
1 .5 1  -  2 . 2 5  "2 . 2 6  -  3 .0 0  11
3 .0 1  -  3.  75 113 . 7 6  -  4 .  50  h
M o r t a r  g r a d e  ( i i i )  was u s e d .  I t  was h o p e d  t h a t  a l l  m ix es  
w ou ld  be i d e n t i c a l ,  b u t  i t  was found  t h a t  t h e  w a t e r  c o n t e n t  
o f  t h e  m o r t a r  had  t o  be i n c r e a s e d  f o r  t h e  h i g h e r  s u c t i o n  
r a t e  b r i c k s  i n  o r d e r  t o  c o u n t e r a c t  t h e  r a p i d  s t i f f e n i n g  o f  
t h e  m o r t a r  d u r i n g  l a y i n g .
6 . 4 .  C u r i n g  P rogram m e.
D e s i g n e d  t o  i n v e s t i g a t e :
E f f e c t  o f  v a r i o u s  c u r i n g  c o n d i t i o n s .
V a r i a b l e s  s t u d i e d :
The b r i c k s  were  t h e  same t y p e  a s  u se d  i n  t h e  m o r t a r  
p rogram m e.
M o r t a r  g r a d e  ( i )  w i t h  19/° w a t e r  was u s e d  f o r  t h e  H o l b r o o k  
f a c i n g  b r i c k s  and  m o r t a r  g r a d e  ( i i i )  w i t h  20% w a t e r  f o r
B r i c k  t y p e
C u r i n g  c o n d i t i o n s
Number o f  c o u p l e t s  p e r  t e s t
2
510
T o t a l  number  o f  c o u p l e t s  100
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t h e  S o u t h w a t e r  e n g i n e e r i n g  b r i c k s .  T h e se  m ix es  were 
c h o s e n ,  on t h e  b a s i s  o f  r e s u l t s  f ro m  t h e  m o r t a r  p rogram m e,  
t o  g i v e  t h e  g r e a t e s t  bond s t r e n g t h  an d  optimum m o r t a r  
c o n s i s t e n c e .
B r i c k s  w ere  n o t  s u c t i o n  r a t e  a d j u s t e d .
The c u r i n g  c o n d i t i o n s  were  a s  f o l l o w s :
a )  C a b i n e t
b) W e t / d r y
c)  F r e e z e / t h a w
d) M i s t  room
S e a l e d  i n  c u r i n g  c a b i n e t s  f o r  
2b d a y s .  T e m p e r a t u r e  and  
h u m i d i t y  m o n i t o r e d .
Submerged i n  w a t e r  ( l 8 . 5 ° C )  
f o r  2k  h o u r s  on d a y s  2 , 9 , 1 o 
a n d  23.  O t h e r w i s e  u n c o v e r e d  
i n  l a b o r a t o r y .
I n  f r e e z e r  f ro m  d a y  2 -  day  
27 on 2k  h o u r  c y c l e  -U°C t o  
10°C. l O h r .  f r e e z e  down, 1k  
h r .  thaw.
Day 2 -  day  23
1 0 0 /  r e l a t i v e  h u m i d i t y ,  1 8 °C.
e )  C o n s t ,  t e m p - h u m i d i t y  Day 2 -  d ay  28
60% r e l a t i v e  h u m i d i t y ,  20°C.
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7. METHOD OF SPECIMEN MANUFACTURE.
A l l  m o r t a r  m ix es  were  p r e p a r e d  i n  a c c o r d a n c e  w i t h  
BSI4.551 si 980 "Methods  o f  t e s t i n g  m o r t a r s ,  s c r e e d s  an d  
p l a s t e r s " ,  u s i n g  w eigh  b a t c h i n g  p r o p o r t i o n s  a s  shown 
b e low .
M o r t a r
d e s i g n a t i o n
A p p r o x im a te
Volume
P r o p o r t i o n s
P e r c e n t a g e s  by W eig h t
Cement Lime Dry Sand
a s  s p e c i f i e d  i n  BS5 6 2 8 : 
P a r t  1 :  1978
f ro m  t a b l e  6,  BSl+551 • 1980
( i ) 1 : i : 3 2 2 . 9 1 . 5 7 5 . 6
( i i ) 1 : i : k i 1 7 . 0 3 .1 7 9 . 9
( i i i ) 1 :1 :6 1 3 . 6 5.1 8 1 . 3
( i v ) 1 : 2 : 9 9 . 0 6. k 8 4 . 6
The t o t a l  mass o f  d r y  c o n s t i t u e n t s  u s e d  was 10kg  p e r  
mix .  T h i s  amount  was f o u n d  t o  be s u f f i c i e n t  t o  m a n u f a c t u r e  
t e n  c o u p l e t s .  I n  o r d e r  t o  p r o v i d e  q u a l i t y  c o n t r o l ,  t h r e e  
75mm c u b e s  a n d  t h r e e  f l e x u r a l  p r i s m s  w ere  made f o r  e a c h  
b a t c h  o f  m o r t a r  p r o d u c e d .  The d r o p p i n g  b a l l  p e n e t r a t i o n  
t e s t  was u s e d  t o  m e a s u re  t h e  m o r t a r  c o n s i s t e n c e  p r i o r  t o  
a n d  s h o r t l y  a f t e r  t h e  m a n u f a c t u r e  o f  t h e  c o u p l e t s .
The c o u p l e t  f o r m i n g  e q u i p m e n t  shown i n  f i g u r e  7*1 was 
d e s i g n e d  to  p r o d u c e  a 10mm j o i n t  b e tw e e n  two f u l l - s i z e  
b u i l d i n g  b r i c k s .  The bonded l e n g t h  was 150mm w i t h  a g a p  a t  
e a c h  end o f  a b o u t  25mm i n  w h ich  t h e  t e s t i n g  s l i n g s  were  
p l a c e d .  A f t e r  t h e  b r i c k  h ad  been  p l a c e d  i n  t h e  m o r t a r  
f o r m e r  ( f i g .  7 . 2 )  t h e  m o r t a r  g u i d e s  w ere  r o t a t e d  i n t o  
p o s i t i o n .  T h e se  g u i d e s  e n s u r e d  t h a t  a m o r t a r  bed  o f  
l e n g t h  1 30mm and  t h i c k n e s s  15mm was p l a c e d  c e n t r a l l y  on
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F i g u r e  7 . 1 .  Spec imen f o r m i n g  e q u i p m e n t .
F i g u r e  / . 2 .  B r i c k  i n  p l a c e .
ko
t h e  b r i c k  p r i o r  t o  p l a c i n g - t h e  t o p  b r i c k  / ( f i g .  7.  3) •• The 
g u i d e s  were  r o t a t e d  away ( f i g .  7«4)  and  t h e  b r i c k  was 
t r a n s f e r r e d  t o  t h e  j o i n t  f o r m e r .  B r a s s  r o d s  o f  10mm d i a ­
m e t e r  a n d  150mm a p a r t  r e s t  on t h e  b r i c k  a s  shown i n  f i g u r e
7 . 5 .  The t o p  b r i c k  was p l a c e d  on t h e  m o r t a r  bed  and  pressed  
o r  t a p p e d  downwards u n t i l  c o n t a c t  w i t h  t h e  b r a s s  r o d s  was 
a c h i e v e d .  The r o d s  w ere  t h e n  rem oved  w i t h  a t w i s t i n g  a c t ­
i o n  w h ic h  e n s u r e d  t h a t  t h e  j o i n t  was a d e q u a t e l y  t o o l e d  a t  
t h e  e n d s .  F i n a l l y  t h e  c o u p l e t  was l i f t e d  o u t  a n d  t h e  s i d e s  
o f  t h e  j o i n t  t o o l e d  w i t h  a s m a l l  t r o w e l  ( f i g . 7 * 6 ) .  
O c c a s i o n a l l y ,  i f  t h e  c o n s i s t e n c e  o f  t h e  m o r t a r  was v e r y  
h i g h ,  t o o l i n g  was d e l a y e d  f o r  a p p r o x i m a t e l y  30 m i n u t e s  i n  
o r d e r  t o  m i n i m i s e  d i s t u r b a n c e  t o  t h e  c o u p l e t s .
The l e n g t h  o f  t im e  t a k e n  t o  m a n u f a c t u r e  t h e  t e n  
s a m p l e s  was r e c o r d e d ,  f o r  e a c h  o f  t h e  90 m ix e s .  -On o n l y  one 
o c c a s i o n  was t h e  m a n u f a c t u r e  t im e  l e s s  t h a n  20 m i n u t e s  a n d  
on o n l y  t h r e e  ' o c c a s i o n s  d i d  t h e  m a n u f a c t u r e  t i m e  e x c e e d  kO 
m i n u t e s .  The mean m a n u f a c t u r e  t im e  was 29 m i n u t e s  f o r  t e n  
c o u p l e t s .
W ith  t h e  e x c e p t i o n  o f  t h e  s p e c i a l  c u r i n g  c o n d i t i o n s  
u s e d  i n  t h e  c u r i n g  program m e,  a l l  s a m p l e s  were  p la ce -d  i n  
s e a l e d  c a b i n e t s  f o r  28 d a y s  p r i o r  t o  t e s t i n g  ( f i g . 7 . 7 ) .
The t r a n s p a r e n t  p o l y t h e n e  c o v e r s  were  a r r a n g e d  i n  s u c h  a 
way t h a t  once  s e a l e d ,  t h e  s p e c im e n s  w ou ld  n o t  be e x p o s e d  
o r  d i s t u r b e d  by t h e  p l a c e m e n t  o f  t h e  n e x t  b a t c h .
D u r i n g  May a n d  J u n e  19S2,  r e a d i n g s  o f  t e m p e r a t u r e  a n d  
h u m i d i t y  were  t a k e n  i n  t h e  sealed  c a b i n e t s  w h i l s t  s p e c i m e n s  
w ere  b e i n g  c u r e d  i n  them. The mean t e m p e r a t u r e  was f o u n d  
t o  be 1 9 .4 °C  a n d  t h e  mean r e l a t i v e  h u m i d i t y  was &9%,
k1
r m
F i g u r e  7 . 3 . M o r t a r  s p r e a d  t o  l e v e l  o f  f o r m e r s ,
i
F i g u r e  7»k» Formers  removed.
k2
F i g u r e  7.5* S p a c e r  r o d s  i n  p l a c e .
F i g u r e  7 . 6 ,  Specimen c ompl e t e d .
U3
nipo
F i g u r e  v7 . 7* C u r i n g  c a b i n e t s .
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8. METHOD OF TESTING SPECIMENS.
The t e n s i l e  t e s t i n g  a p p a r a t u s  h a s  a l r e a d y  been  d e s ­
c r i b e d  i n  d e t a i l  i n  s e c t i o n  U and  was u s e d  a s  f o l l o w s .
The sp ec im e n  t o  be t e s t e d  was p l a c e d  on t o p  o f  an  
a p p r o p r i a t e  t h i c k n e s s  o f  f l e x i b l e  p a c k i n g  so t h a t  i t  was 
l o c a t e d  c e n t r a l l y  b e tw e e n  t h e  l o a d i n g  p l a t e s .  The t o p  
h a n g e r s  were l o c a t e d  and  a d j u s t e d ,  f o l l o w e d  by t h e  b o t t o m  
h a n g e r s .  F i n a l l y ,  a l l  e i g h t  a d j u s t i n g  s c r e w s  were c h e c k e d  
t o  e n s u r e  t h a t  a l l  h a n g e r s  were  m ak ing  an  ev en  c o n t a c t  
w i t h  t h e  b r i c k s  w i t h o u t  b e i n g  e i t h e r  o v e r t i g h t e n e d  o r  
l o o s e .  F i g u r e  8 .1  shows t h e  sp e c im e n  s e t  up a n d  r e a d y  f o r  
t e s t i n g .  The l o a d  was a p p l i e d  m a n u a l l y ,  a s  shown i n  f i g u r e
8 . 2 ,  and  was r e c o r d e d  on h e a t - s e n s i t i v e  p a p e r  wh ich  was 
l o c a t e d  on t h e  drum shown i n  t h e  t o p  r i g h t  o f  f i g u r e  8 . 2 .  
F i g u r e s  8 / 3  and  8,1+ show a t y p i c a l  f a i l e d  sam p le  a n d  
f i g u r e  8 . 5  shows t h e  r e c o r d e d  l o a d - d e f l e c t i o n  d a t a  f o r  a 
t y p i c a l  b a t c h  o f  c o u p l e t s .  The n o n - l i n e a r i t y  o f  t h e  o u t p u t  
g r a p h s  i s  due t o  t h e  f a c t  t h a t  t h e  r e c o r d i n g  s t y l u s  i s  
p i v o t e d  a t  one e n d  a n d  moves i n  an  a r c .  T h i s  can  be s e e n  
more c l e a r l y  a t  t h e  p o i n t  o f  f a i l u r e  when t h e  s t y l u s  d r o p s  
b a c k  t o  i t s  z e r o  l o a d  p o s i t i o n  (shown d o t t e d  i n  f i g u r e  8 . 5  
f o r  c l a r i t y ) .
From t h i s  o u t p u t  f a i l u r e  can  be c h a r a c t e r i s e d  a s  
b r i t t l e ,  and  t h e r e  i s  no e v i d e n c e  o f  c r a c k i n g  p r i o r  t o  
f a i l u r e ,  o r  o f  c r e e p  h a v i n g  t a k e n  p l a c e .
F i g u r e  8.1# C o u p l e t  i n  p i e c e  i n  Iv'onsanto t e n s o m e t e r .
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F i g u r e  8 . 2 .  Manual  a p p l i c a t i o n  o f  l o a d .
F i g u r e  8 . 3 . F a i l e d  c o u p l e t  i n  t e n s o m e t e r .
h i
F i g u r e  8 . 4 .  T y p i c a l  t e n s i l e  f a i l u r i
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9 . RESULTS OF THE EXPERIMENTAL PROGRAMMES.
The d e t a i l s  o f  t h e  p r o p e r t i e s  o f  t h e  m a t e r i a l s  u s e d  
a n d  o f  e a c h  t e s t  programme a r e  g i v e n  i n  s e c t i o n s  5 a n d  6 
r e s p e c t i v e l y .
Each  programme h a s  been  d e v i s e d  t o  exam ine  an d  v e r i f y  
some o f  t h e  c o n c l u s i o n s  l i s t e d  i n  s e c t i o n  2 . 1 3 .
The f u l l  d e t a i l s  o f  e a c h  i n d i v i d u a l  t e s t  a r e  g i v e n  i n  
a p p e n d i x  1, so  t h e  f o l l o w i n g  s e c t i o n s  c o n t a i n  i n f o r m a t i o n  
su m m a r i se d  f rom  a p p e n d i x  1.
9 . 1 .  M o r t a r  Programme R e s u l t s .
The p r o p e r t i e s  o f  t h e  m o r t a r  w h ich  a r e  r e l e v e n t  t o  
t h i s  programme a r e  g i v e n  i n  t a b l e  9 . 1 .  The w a t e r  c o n t e n t s  
q u o t e d  r e f e r  t o  t h e  p e r c e n t a g e ,  by m ass ,  o f  t h e  d r y  
c o n s t i t u e n t s .  A l l  m ix e s  c o n t a i n  10kg o f  d r y  m a t e r i a l ,  w i t h  
b e tw e e n  1 . 7 5 k g  a n d  2 . 2 5 kg o f  w a t e r .
F i g u r e  9 .1  shows t h e  m o r t a r  c o n s i s t e n c e ,  a s  d e t e r m i n e d  
by t h e  d r o p p i n g  b a l l  p e n e t r a t i o n  m eth o d .  I t  can  be s e e n  
t h a t  b a l l  p e n e t r a t i o n  i n c r e a s e s  w i t h  t h e  w a t e r  c o n te n t -  o f  
t h e  m o r t a r  a n d ,  e x c e p t  f o r  a s m a l l  o v e r l a p  b e tw e e n  1 i-kiWk 
a n d  1 : 1 : 6 ,  w i t h  t h e  c e m e n t  c o n t e n t  a l s o .
The v a r i a t i o n  o f  c o n s i s t e n c e  w i t h  c e m e n t / l i m e  r a t i o  
may be due t o  t h e  d i f f e r e n t  p a r t i c l e  s h a p e s  a n d  t h e  e a r l y  
c h e m i c a l  b e h a v i o u r  i n  w a t e r .  P a r t i c l e  s i z e  i s  n o t  t h o u g h t  
t o  a c c o u n t  f o r  t h e  b e h a v i o u r  s i n c e  the .  g r a d i n g  c u r v e s  o f  
c e m e n t  and  l im e  a r e  v e r y  s i m i l a r  ( f i g u r e  5 - 1 ) .
T a b le  9 .1  a l s o  shows t h a t  m o r t a r  cube  and f l e x u r a l  
s t r e n g t h s  ( u s i n g  75mm c u b e s  and  25x25x100mm p r i s m s )  a r e  
i n d e p e n d e n t  o f  t h e  c o n s i s t e n c e  o f  t h e  m o r t a r .  The h i g h e s t  
s t r e n g t h s  were o b t a i n e d  w i t h  1 : ^ : 3  and  t h e  l o w e s t  w i t h
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DROPPING BALL PENETRATION
( mm)
WATER
CONTENT
(y°)
MORTAR GRADE 
( i )  ( i i ) - ( i i i )  ( i v )
M i 6. 418 7 . 2
I 8 i 8.1 7 . 6
19 9 . 2  7 . 8  8 . 4
19 i 1 0 . 2  8 . 4  8 . 820 1 2 . 8  1 0 . 0  . 9 . 4  8 .1
20£ 11.1  1 0 . 5  9 . 221 1 2 . 8  12.2+ 10.1
211 1 3 -5  1 0 . 022 1 4 . 7  1 0 . 72 2 i 1 2 . 3
MORTAR CUBE STRENGTH AT 28 
DAYS- (N/mm2 )
WATER MORTAR GRADECONTENT
W ) ( i )  ( i i )  ( i i )  ( i v )
M i 2k.  418 2k.  8I 8 i 2 4 . 9  12+.9
19 2 5 . 2  1 4 . 3
I 9 i 2 4 . 0  1 3 . 2  6 . 920 2 0 . 9  1 3 . 6  6 . 4  2 . 82 0 j 1 3 . 4  5 . 8  3 .121 1 2 . 7  6 . 8  2 . 8
21 i 6 . 0  3 . 222 3 . 6  2 . 6
2 2 j 2 . 2
MORTAR FLEXURAL STRENGTH 
AT 28 DAYS (N/mm2 )
CUBE + FLEXURAL STRENGTH
WA TER MORTAR GRADE WATER MORTAR GRADECONTENT CONTENT
(%') ( i )  ( i i )  ( H i )  ( i v ) (%) ( i )  (ij)  (iii) (iv)
M i 5 . 6 M i 4 . 418 6 . 5 1 8 3 . 81 &i 5 . 5  4 . 3 M i 4 . 5  3 . 5
19 5 . 2  4 . 2 19 4 . 8  3 . 4
194 5 . 7  3 . 7  3 . 3 I 9 i 4 . 2  3 . 6  2 .120 5 . 6  3 . 9  3 . 2  1 . 3 20 3 . 7  3 . 5  2 . 0  1 . 9
20^ 2 . 6  1 . 6 2 0 i 3 .1  2 . 2  1 . 9
21 2 . 7  1 .7 21 3 .1  2 . 3  1 . 621 i  . 3 .1  1 . 5 21 i 1 . 9  2 .122 2 . 6  1 . 4 22 2 . 2  1 . 92 2 i 1 . 3 2 2 l 1 . 7
T a b le  9*1 .  M o r t a r  P r o p e r t i e s .
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d r o o p i n g
b a l i
p e n e t r a t i o n  
(mm) 8
18 19 20 21 22
w a t e r  c o n t e n t  (% o f  d r y  m ass )
F i g u r e  9*1 .  V a r i a t i o n  o f  m o r t a r  c o n s i s t e n c y  w i t h  w a t e r  
c o n t e n t .
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1 : 2 : 9  m o r t a r .  The r a t i o  o f  c o m p r e s s i v e  t o  f l e x u r a l  
s t r e n g t h  can  be s e e n  t o  v a r y  a c c o r d i n g  t o  t h e  m o r t a r  
g r a d e ,  f ro m  a b o u t  2 f o r  1 : 2 : 9  t o  a l m o s t  5 f o r  l : i : 3  
m o r t a r .  A p o s s i b l e  r e a s o n  f o r  t h i s  b e h a v i o u r  i s  t h a t  h i g h -  
ce m e n t  m o r t a r s  t e n d  t o  be more b r i t t l e  i n  n a t u r e ,  w hich  
w ou ld  be more c r i t i c a l  in  t h e  f l e x u r a l  t h a n  t h e  c o m p r e s s ­
i v e  mode.
The mean j o i n t  t h i c k n e s s  f o r  a l l  t h e  c o u p l e t s  i n  t h e
m o r t a r  programme was 1 0 . 1 7mm. The mean v a l u e s  f o r  e a c h
s e c t i o n  o f  t h e  programme were  a s  f o l l o w s ,
H o lb r o o k  Dry 10.44mm
H o lb r o o k  Wet 1 0 . 39mm
S o u t h w a t e r  Dry 10.02mm
S o u t h w a t e r  Wet 9 * 82mm .
I t  can  be s e e n  t h a t  c o n s o l i d a t i o n  o f  t h e  m o r t a r  i n  
t h e  j o i n t  d u r i n g  m a n u f a c t u r e  i s  g r e a t e r  f o r  w e t t e d  b r i c k s  
and  g r e a t e r  f o r  t h e  sm oo th ,  h e a v i e r  S o u t h w a t e r  e n g i n e e r i n g  
b r i c k s .
The bond s t r e n g t h  r e s u l t s  f ro m  t h i s  programme a r e  
g i v e n  i n  t a b l e  9 . 2  a n d  a r e  p l o t t e d  i n  f i g u r e s  9 . 2 - 9 . 6 .  To 
p l o t  t h e  m o r t a r  g r a d e  i n  t h e s e  f i g u r e s ,  t h e  volume o f  
c e m e n t  a s  a p r o p o r t i o n  o f  t h e  t o t a l  volume o f  c e m e n t  p l u s  
l i m e  was u s e d ,  g i v i n g  cem en t  c o n t e n t s  o f  80$,  67$ ,  5 0 $  a n d  
33% f o r  t h e  f o u r  g r a d e s .  F o r  t h i s  r e a s o n  t h e  s p a c i n g s  o f  
t h e  g r a d e s  on f i g u r e s  9 . 2 - 9 . 6  a r e  n o t  a l l  e q u a l .  From t h e  
r e s u l t s  t h e  f o l l o w i n g  c o n c l u s i o n s  may be drawn.
( i )  H o lb r o o k  f a c i n g  b r i c k s  g i v e  h i g h e r  bond s t r e n g t h
t h a n  S o u t h w a t e r  e n g i n e e r i n g  b r i c k s .
( i i )  F o r  H o lb r o o k  f a c i n g  b r i c k s ,  1 : ^ : 3  m o r t a r  g i v e s
t h e  h i g h e s t  bond s t r e n g t h .
( i i i )  F o r  S o u t h w a t e r  e n g i n e e r i n g  b r i c k s ,  1 :1 :6 m o r t a r
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HOLBROOK FACING -  DRY
WATER 
CONTENT 
(;&)
1 7 i16I8 i
19 
1 9 i20 
2 0 i  
21
21 i22  
2 2 ?
MOR'iAR GRADE 
( i )  ( i i )  ( i i i )  ( i v )
3 .3 33 .3 93 . 3 8
3 . 3 73 .3 8  
0 . 2+0
0 .3 0
0 . 3 3
0 . 2 9  0 . 2 7  0 . 32+ 0 . 2 8  0 . 2 2  
0 . 3 6  0 . 2 7  0 .21  
0 . 3k  0 . 2 2  0 . 2 3  
0 . 3 0  0 . 2 2  
0 . 3 0  0 . 2 2  
0 . 2 3
HOLBROOK FACING -  WET
Y7A TER MOR'iAR GRADECONTEN1
W ) ( i )  ( i i )  ( i i i )  ( i v )
M i 0 . 3 51 8 0 . 3 618 -J 0 . 3 7  0 . 2 8
19 0 . 3 2  0 . 2 9
I 9 i 0 . 3 5  0 . 2 7  0 . 2 320 O. 3 6  0 . 2 8  0 . 2 8  0 . 2 0
20? 0 . 2 8  0 . 2 0  0 . 1 921 0 . 2 k  0 . 2 3  0 .21
21 i 0 . 2 2  O. 1 622 0 . 2 6  0 . 1 8
2 2 i 0. 20
SOUTHWATER ENGINEERING-DRY
WATER 
CON'TEN I  
(* )
' MOR'iAR GRADE 
( i )  ( i i )  ( i i i )  ( i v )
1 l i 0.111 8 0 . 1 3I 8 i 0 . 1 k  0 . 1 2
1 9 i 0 . 1 3  0 . 1 6  0 . 1 819 i 0 . 1 5  0 . 1 6  0 .2120 0 . 1 8  0 . 1 8  0 . 1 8  0 . 1 220? 0 .21  0 . 1 3  0 . 1 321 0 . 1 7  0 . 2 3  0 . 1 6
21 i 0 . 1 8  0 . 1 222 0 . 1 322? 0 . 13
SOUTHWATER ENGINEERING-WET
WATER 
CONTEN1
(%)
MOR'IAR GRADS 
( i )  ( i i )  ( i i i )  ( i v )
H i 0 . 1 018 0 .11
1 8? 0 . 0 9  0 . 1 3
19 0. 11  0 . 1 3  0 . 16
1 9 i 0 . 1 0  0 . 1 3  0 . 1 320 0 . 1 3  O. 1 2  0 . 1k  0 . 1.2+20? 0.12+ 0 . 1 2  0 . 1 321 0 . 1 3  0 . 1 2  0 . 1 0
21 i 0 . 1 6  0 . 1 022 0 .1 12 2 i 0 . 1 3
T a b le  9 * 2 .  C o u p l e t  Bond S t r e n g t h  a t  28 Days f ro m  M o r t a r  Programme. (N/mm^)
O.Ut
bond
s t r e n g t h
(N/mm2 ) 0 . 2-
22
w a t e r  
c o n t e n t  o f  
m o r t a r  (# )
( i i )
m o r t a r  
g r a  de
F i g u r e  9*2 .  Bond s t r e n g t h  u s i n g  d r y  H o l b r o o k  f a c i n g  
b r i c k s .
bond
s t r e n g t h
(N/mm2 ) 0 . 2-
w a t e r  
c o n t e n t  o f  
m o r t a r  {%)( i i )m o r t a r
g r a d e ( i i i
F i g u r e  9 .3*  Bond s t r e n g t h  u s i n g  s u c t i o n  r a t e  a d j u s t e d  
H o lb r o o k  f a c i n g  b r i c k s .
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0 . 3  Tbond  
s t r e n g t h  
( N/mm") 0 . 2 ..
w a t e r  
c o n t e n t  o f  
m o r t a r  (%)
m o r t a r  
g r a  de ( i i i )
( i v )
F i g u r e  9.U* Bond s t r e n g t h  u s i n g  d r y  S o u t h w a t e r  
e n g i n e e r i n g  b r i c k s .
bond  
s t r e n g t h  
(N/mm )
0. 2r
22
w a t e r  
c o n t e n t  o f  
m o r t a r  (%)( i i )m o r t a r  g r a  de
( i v
F i g u r e  9 .5 *  Bond s t r e n g t h  u s i n g  s u c t i o n  r a t e  a d j u s t e d  
S o u t h w a t e r  e n g i n e e r i n g  b r i c k s .
56
o . h '
H o lb r o o k  
d r y  ^0 . 3
bond
s t r e n g t h
(H/mm2 )
o l b r o o k
wet
0 .2 S o u t h w a t e r
d r y
S o u t h w a t e r
wet
T -|Wcr> vo
6030 8050 70
c e m e n t  -r ( c e m e n t  + l i m e )  (% by v o l . )
F i g u r e  9 . 6 .  C o u p l e t  bond s t r e n g t h  (30  s p e c im e n s  p e r  p o i n t ) .
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g i v e s  t h e  h i g h e s t  bond s t r e n g t h .
( i v )  F o r  H o lb r o o k  f a c i n g  b r i c k s ,  bond s t r e n g t h  
i n c r e s e s  w i t h  t h e  cem ent  c o n t e n t  o f  t h e  m o r t a r .
( v )  G e n e r a l l y ,  t h e  w a t e r  c o n t e n t  o f  t h e  p a r t i c u l a r  
m o r t a r  g r a d e  b e i n g  i n v e s t i g a t e d  d o e s  n o t  
s i g n i f i c a n t l y  a f f e c t  t h e  bond s t r e n g t h  ( s e e  
a p p e n d i x  2 ) .
( v i )  B o th  b r i c k  t y p e s  show a h i g h l y  s i g n i f i c a n t  
r e d u c t i o n  i n  bond s t r e n g t h  due t o  p r e - w e t t i n g  
( f i g . 9 . 6 ) .
The c o e f f i c i e n t s  o f  v a r i a t i o n  h a v e  b een  c a l c u l a t e d
f o r  e a c h  g r o u p  o f  f i v e  c o u p l e t s ,  f ro m  which  t h e  mean
v a l u e s  f o r  e a c h  o f  t h e  f o u r  c o m b i n a t i o n s  o f  b r i c k  t y p e
a n d  s u c t i o n  r a t e  a d j u s t m e n t  h a v e  been  d e t e r m i n e d .  Th e se
v a l u e s , g i v e n  b e low ,  show t h a t  S o u t h w a t e r  b r i c k s  h a v e  a
h i g h e r  v a r i a t i o n  t h a n  H o l b r o o k  b r i c k s  a n d  t h a t  p r e - w e t t i n g >
i n c r e a s e s  t h e  c o e f f i c i e n t  o f  v a r i a t i o n .  A p o s s i b l e
e x p l a n a t i o n  o f  t h i s  b e h a v i o u r  w i l l  be g i v e n  i n  s e c t i o n  10.
H o lb r o o k  D ry  9*7%
H o lb r o o k  Wet 11.7%
S o u t h w a t e r  Dry  1U .5%
S o u t h w a t e r  Wet 1 8 . 6%
I n  t a b l e s  A1 . 1 -A1 . 1 6  o f  a p p e n d i x  1 ,  t h e  f a i l u r e  modes 
o f  e a c h  c o u p l e t  a r e  g i v e n .  The d e s i g n a t i o n s  T, M a n d  B
r e f e r  t o  f a i l u r e s  w h ich  a r e  t o p - p l a n e ,  m o r t a r  a n d  b o t t o m -
(p l a n e  r e s p e c t i v e l y .  I n  t h i s  c o n t e x t  a m o r t a r  f a i l u r e  i s  
d e f i n e d  a s  a f a i l u r e  w i t h i n  t h e  j o i n t  l e a v i n g  m o r t a r  
a t t a c h e d  t o  b o t h  t o p  and  b o t t o m  b r i c k s .  Some c o u p l e t s  
e x h i b i t  a f a i l u r e  mode w h ich  i s  a c o m b i n a t i o n  o f  more 
t h a n  one o f  t h e  a b o v e .
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An a n a l y s i s  o f  t h e  d a t a  g i v e n  i n  a p p e n d i x  1 on t h e  
f a i l u r e  modes o f  t h e  c o u p l e t s  r e v e a l s  t h e  f o l l o w i n g  f a c t s .
( i )  I n c r e a s i n g  t h e  l i m e  c o n t e n t  o f  t h e  m o r t a r  
c a u s e s  f a i l u r e  t o  o c c u r  more o f t e n  i n  t h e  body 
o f  t h e  m o r t a r .
( i i )  P r e - w e t t i n g  b r i c k s  i n c r e a s e s  t h e  i n c i d e n c e  o f
f a i l u r e s  a t  t h e  b r i c k - m o r t a r  i n t e r f a c e .
( i i i )  H o l b r o o k  b r i c k s  show a h i g h e r  i n c i d e n c e  o f
m o r t a r  f a i l u r e s  t h a n  S o u t h w a t e r  b r i c k s .
( i v )  T o p - p l a n e  f a i l u r e s  a r e  more common t h a n  b o t t o m -  
p l a n e  f a i l u r e s ,  e x c e p t  where  d r y  H o lb r o o k  
b r i c k s  a r e  u s e d .
U n d er  a u n i f o r m  l o a d  a m o r t a r  j o i n t  w i l l  f a i l  a t  t h e  
p o i n t  where  t h e  t e n s i l e  s t r e n g t h  i s  f i r s t  e x c e e d e d  by t h e  
t e n s i l e  s t r e s s .  C l e a r l y  d i f f e r e n t  f a i l u r e  modes w i l l  o c c u r  
b e c a u s e  t h e r e  i s  a d i s t r i b u t i o n  o f  t e n s i l e  s t r e n g t h  a c r o s s  
t h e  j o i n t .  The above  c o n c l u s i o n s  s u g g e s t  t h a t  i n  g e n e r a l ,  
s u c h  a d i s t r i b u t i o n  w i l l  be i n f l u e n c e d  by t h e  c h a r a c t e r ­
i s t i c s  o f  t h e  b r i c k  and  m o r t a r  a n d  t h a t  w i t h  e a c h  
c o m b i n a t i o n  o f  f a c t o r s  t h e r e  w i l l  be a s s o c i a t e d  a " w e a k e s t  
p o i n t "  a t  w h ic h  ( w i t h  random v a r i a t i o n s )  f a i l u r e  w i l l  
o c c u r .  T h i s  c o n c e p t  w i l l  be d i s c u s s e d  f u l l y  i n  s e c t i o n  13*
9 . 2 .  Sand G r a d i n g  Programme R e s u l t s .
T h i s  programme was d e s i g n e d  t o  exam ine  t h e  e f f e o t  o f  
c h a n g i n g  t h e  g r a d i n g  o f  a p a r t i c u l a r  s a n d  on t h e  s t r e n g t h  
o f  t h e  bond w i t h  H o lb r o o k  a n d  S o u t h w a t e r  b r i c k s  o f  a low 
s u c t i o n  r a t e .
The n o rm a l  A u c k l e y  s a n d  was c l o s e  t o  t h e  f i n e  e n d  o f  
t h e  B312 0 0 :1 9 7 6  g r a d i n g  r e q u i r e m e n t s ,  so  i t  was d e c i d e d
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t h a t  m os t  o f  t h e  r e g r a d e d  s a n d s  s h o u l d  be o b t a i n e d  by 
r e m o v in g  f i n e  m a t e r i a l .
Sand  N i s  t h e  n o rm a l  A u c k l e y  s a n d ,  a s  d e l i v e r e d .
S an d s  1C, 2 0 ,  30 ,  i+C and  5C w ere  p r e p a r e d  by m e c h a n i c a l  
s h a k i n g ,  f o r  3 m i n u t e s ,  o f  s a n d  N on t h e  9Q/t*m, 150>um, 
2l2^im, 300jm  a n d  L\.25Mm s i e v e s  r e s p e c t i v e l y ,  a n d  d i s c a r d i n g  
a n y  m a t e r i a l  w hich  p a s s e d  t h r o u g h .
Sand F was p r e p a r e d  by u s i n g  o n l y  t h a t  s a n d  w h ic h  
p a s s e d  t h r o u g h  a 300/im s i e v e .
A f t e r  t h e  s a n d s  h a d  b e e n  p r e p a r e d ,  s a m p le s  w ere  t a k e n  
f r o m  e a c h  and s u b j e c t e d  t o  a r i g o r o u s  s i e v e  a n a l y s i s  i n  
a c c o r d a n c e  w i t h  B S 8 l 2 : P a r t  1 ( t a b l e  6 ) .  T h i s  t a b l e  g i v e s  
t h e  maximum mass  o f  s a n d  which  s h o u l d  be r e t a i n e d  on e a c h  
p a r t i c u l a r  s i e v e ,  w i t h  t h e  e x c e p t i o n  o f  t h e  90/im s i e v e .  In  
o r d e r  t o  be c o n s i s t e n t  w i t h  t a b l e  6 o f  BS812 t h e  r e q u i r e ­
ment  f o r  t h i s  s i z e  o f  s i e v e  was t a k e n  a s  b e i n g  kOg.
The r e s u l t s  o f  t h e  s i e v e  a n a l y s e s  a r e  g i v e n  i n  t a b l e  
9 .3«  I t  c a n  be s e e n  t h a t  f o r  t h e  f i v e  c o a r s e  s a n d s ,  some 
o f  t h e  f i n e  m a t e r i a l  r e m a i n e d ,  d e s p i t e  b e i n g  n o m i n a l l y  
r em oved  by t h e  s i e v i n g  p r o c e s s .  T h i s  m ean t  t h a t  t h e  
r e s u l t i n g ,  s a n d s  were  w e l l - g r a d e d  an d  d i d  n o t  show a n  
u n r e a l i s t i c  c u t - o f f  a t  a p a r t i c u l a r  g r a i n  s i z e .  I t  i s  
u n f o r t u n a t e  t h a t  t h e  s i e v i n g  p r o c e s s  r e s u l t e d  i n  some m i s -  
o r d e r i n g  o f  t h e  g r a d i n g s ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  
f i n e  f r a c t i o n s  o f  s an d  UC com pared  w i t h  s a n d s  1C, 20 and 
3C.
F o l l o w i n g  t h e  d e t a i l e d  s i e v e  a n a l y s e s ,  s a m p l e s  o f  
e a c h  s i z e d  f r a c t i o n  were  e x a m in e d  m i c r o s c o p i c a l l y  a t  
m a g n i f i c a t i o n s  up t o  l 6 0 x .  I t  was n o t e d  t h a t  t h e  g r a i n s  o f
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SAND F N 1C 2C 3C 40 5C
NOMINAL
RANGE
10V n o r m a l V vo 1 >l3P/im >2l2/mi >300/irn >423/*m
SIEVE % PASSING (BY MASS)
5.00mm 1 0 0 . 0 9 9 . 7 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 9 9 . 72.  36mm 1 0 0 . 0 9 9 . 4 99.-8 9 9 . 8 9 9 . 6 9 9 . 5 9 8 . 21 . 1 8mm 1 0 0 . 0 99.1 9 9 . 5 9 9 . 4 9 9 . 0 9 8 . 9 9 5 . 6600 /*m 1 0 0 . 0 98.1 9 8 . 3 9 8 . 2 9 7 . 4 97 .1 8 7 . 8
U25j*m 1 0 0 . 0 91.  4 9 1 . 9 9 2 . 0 8 9 . 9 88.1 5 1 . 43 OO/im 1 0 0 . 0 7 8 . 6 7 4 . 9 7 2 . 8 6 3 . 4 5 8 . 3 2 9 . 921 2>xm 6 6 . 6 4 9 . 6 4 2 . 8 3 7 . 6 2 1 . 3 2 9 . 4 1 5 . 4150>um 3 3 . 2 2 4 . 7 1 8 . 0 8 . 7 6 . 4 1 3 . 0 6 . 490>m 9.1 7 .5 2 . 2 1 . 5 1 . 4 3 .1 1 • 6
T a b le  9*3* Sand G r a d i n g  C h a r a c t e r i s t i c s .
e a c h  f r a c t i o n  w ere  o f  a p p r o x i m a t e l y  t h e  same s i z e  w i t h  no 
s m a l l e r  p a r t i c l e s  a d h e r i n g  t o  them. T h i s  d e m o n s t r a t e s  t h e  
e f f e c t i v e n e s s  o f  t h e  s i e v e  a n a l y s i s  p r o c e d u r e  recommended 
i n  BS312. F i g u r e s  9 . 7  and  9*8 show s a m p le s  o f  t h e  3 0 0 -  
U2fju.m a n d  t h e  1 5 0 - 2 1 2/m  f r a c t i o n s  a t  m a g n i f i c a t i o n s  o f  
1 7x an d  38x  r e s p e c t i v e l y .
T a b le  9 , k  shows t h e  r e s u l t s  o f  t h e  sand  g r a d i n g  
p rogram m e.  The bond s t r e n g t h  r e s u l t s  f o r  t h e  H o l b r o o k  
f a c i n g  b r i c k  c o u p l e t s  h a v e  b e e n  h i g h l i g h t e d  f o r  c l a r i t y .
No c o u p l e t s  were  m a n u f a c t u r e d  u s i n g  S o u t h w a t e r  e n g i n e e r i n g  
b r i c k s  a n d  s a n d  50 m o r t a r  b e c a u s e  t h e  com bined  e f f e c t  o f  
t h e  h e a v i e r  b r i c k  a n d  t h e  h i g h  c o n s i s t e n c e  m o r t a r  was 
s u c h  t h a t  m o r t a r  was s q u a s h e d  o u t  f rom  t h e  j o i n t  on 
r e m o v a l  o f  t h e  b r a s s  s p a c e r  r o d s  ( s e e  s e c t i o n  7> f i g u r e s
7 . 5  an d  7 * 6 ) .
The e f f e c t  o f  s a n d  g r a d i n g  h a s  b e e n  s t u d i e d  by 
B e s s e y  (i+2) who p r o p o s e d  a c l a s s i f i c a t i o n  s y s t e m  b a s e d  on 
t h e  m ed ian  gra in  s i z e  a n d  a s o r t i n g  c o e f f i c i e n t .  The m e d ia n  
g r a i n  s i z e  Dso, i s  d e f i n e d  a s  t h e  d i a m e t e r  o f  p a r t i c l e  
be low w hich  90% o f  t h e  mass o f  t h e  s a n d  o c c u r s .  The 
s o r t i n g  c o e f f i c i e n t  i s  a m e a s u re  o f  t h e  b r e a d t h  o f  g r a d i n g  
and  i s  e q u a l  t o  / ( D 7r/D 15) , w here  D75 a n d  D45. a r e  t h e  u p p e r  
an d  l o w e r  q u a r t i l e s  d e f i n e d  i n  a s i m i l a r  way t o  Dso a b o v e .  
Hence a n y  g r a d i n g  c u r v e  can  be a p p r o x i m a t e l y  d e s c r i b e d  by 
two num bers  which  can  be t r e a t e d  a s  c a r t e s i a n  c o o r d j n a t e s .  
B e s s e y  p l o t t e d  t h e s e  p o i n t s  on a d i a g r a m  w hich  he  d i v i d e d
ii n t o  t h r e e  r e g i o n s  show ing  t h e  s u i t a b i l i t y  o f  t h e  s a n d  
f o r  m o r t a r ,  a c c o r d i n g  t o  w hich  t h e  s a n d s  i n  t h e  p r e s e n t  
programme may be c l a s s i f i e d .
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F i g u r e  9 . 8 .  150 -  212/*m 38x
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Table 9*5« Sand C l a s s i f i c a t i o n  acco rd ing  to  B esse y  ( 4 2 ) .
Prom t a b l e  9 .5  i t  c a n  be s e e n  t h a t  none  o f  t h e  s a n d s  
a r e  c l a s s i f i e d  a s  "good"  a n d  t h e  m a j o r i t y  a s  " u n s u i t a b l e " ,  
h o w e v e r  a l l  s a n d s  gav e  a d e q u a t e  bond s t r e n g t h  ( w i t h  t h e  
e x c e p t i o n  o f  50 a s  d e s c r i b e d  a b o v e ) .  I t  seems t h a t  
B e s s e y ' s  c o n s i d e r a t i o n s  o f  t h e  g r a d i n g  c h a r a c t e r i s t i c s  
a l o n e  a r e  i n s u f f i c i e n t  an d  t h a t  o t h e r  f a c t o r s ,  s u c h  a s  
s i l t  c o n t e n t  and  p a r t i c l e  s h a p e ,  m i g h t  be o f  g r e a t e r  
i m p o r t a n c e .
W h i l s t  t h e  bond s t r e n g t h  a p p e a r s  t o  be g e n e r a l l y  
i n d e p e n d e n t  o f  t h e  s a n d  g r a d i n g ,  m o r t a r  c o n s i s t e n c e  
c l e a r l y  i s  n o t .  The r e s u l t s  i n  t a b l e  9 . 4  show t h a t  t h e r e  
i s  a d e f i n i t e  i n c r e a s e  i n  c o n s i s t e n c e  a s  t h e  g r a d i n g  
becomes  more c o a r s e .
Ozol  (43)  h a s  r e v i e w e d  t h e  work; o f  o t h e r s  i n  t h i s  
f i e l d ,  p a r t i c u l a r l y  M a l h o t r a  (44) a n d  c o n c l u d e d  t h a t  w a t e r  
demand i s  r e l a t e d  t o  t h e  num ber  o f  p o i n t s  o f  c o n t a c t
/
b e tw e e n  a g g r e g a t e  p a r t i c l e s ,  w h ich  w i l l  be g r e a t e r  i f  t h e  
g r a i n s  a r e  more ' a n g u l a r ,  o r  i f  t h e  g r a d i n g  i s  f i n e r .  T h i s  
b e h a v i o u r  i s  c o n f i r m e d  by t h e  r e s u l t s  o f  t h e  p r e s e n t  
p rogram m e,  a n d  i s  i n  a g r e e m e n t  w i t h  t h e  f i n d i n g s  o f  Bloem 
(2 4 )  a l r e a d y  m e n t i o n e d  i n  s e c t i o n  2.3*
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The c o e f f i e c i e n t s  o f  v a r i a t i o n  f o l l o w  t h e  same
p a t t e r n  a s  t h e  p r e v i o u s  programme a n d  a r e  a s  f o l l o w s ,
w i t h  th e  v a l u e s  b a s e d  on g r o u p s  o f  10 c o u p l e t s .
Holbrook: Dry S. 3%
H o lb r o o k  Wet ^2.k%
S o u t h w a t e r  Dry  15*
So uthwa t e  r  Wet 1 7 • k%
Prom t h e  e x p e r i m e n t a l  r e s u l t s  t h e  f o l l o w i n g  
c o n c l u s i o n s  may be drawn.
( i )  M o r t a r  c o n s i s t e n c e  d e p e n d s  s t r o n g l y  upon t h e  
g r a d i n g  o f  t h e  s a n d .
( i i )  Bond s t r e n g t h  i s  l a r g e l y  i n d e p e n d e n t  o f  s a n d  
g r a d i n g .
( i i i )  F o r  a l l  o f  t h e  s a n d s ,  p r e - w e t t i n g  t h e  b r i c k s  
s i g n i f i c a n t l y  r e d u c e d  t h e  bond s t r e n g t h .
D a ta  on t h e  f a i l u r e  modes o f  i n d i v i d u a l  c o u p l e t s  a r e  
g i v e n  i n  t a b l e s  A 1 . 1 7 - A 1 . 2 5  o f  a p p e n d i x  1 and  mean f a i l u r e  
modes f o r  g r o u p s  o f  t e n  c o u p l e t s  s u m m a r i se d  i n  t a b l e  9*U. 
F o r  t h i s  programme t h e  a r e a  o f  t h e  f a i l e d  s u r f a c e  h a s  b e e n  
e s t i m a t e d  a s  a p e r c e n t a g e  o f  t h e  t o t a l  bonded  a r e a  a t  e a c h  
o f  t h e  l o c a t i o n s  T, M a n d  B a s  d e s c r i b e d  i n  t h e  p r e v i o u s  
s e c t i o n .  F o r  some o f  t h e  c o u p l e t s  f a i l u r e  o c c u r e d  on b o t h  
t o p  and  b o t to m  p l a n e ,  w i t h  a s e c t i o n  o f  t h e  m o r t a r  
becom ing  d e t a c h e d .  I n  t h e s e  c a s e s  t h e  sum o f  t h e  f a i l e d  
a r e a s  w i l l  be g r e a t e r  t h a n  1 0 0 ^ . The f o l l o w i n g  c o n c l u s i o n s  
may be drawn.
( i )  T o p - p l a n e  f a i l u r e s  o c c u r  a b o u t  t h r e e  t i m e s  a s  
o f t e n  a s  b o t t o m - p l a n e  f a i l u r e s .
( i i )  S o u t h w a t e r  b r i c k s  g i v e  more t o p - p l a n e  f a i l u r e s  
t h a n  H o lb r o o k  b r i c k s .
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( i i i )  P r e - w e t t e d  b r i c k s  g i v e  more t o p - p l a n e  f a i l u r e s  
t h a n  d r y  b r i c k s .
( i v )  P r e - w e t t i n g  b r i c k s  r e d u c e s  t h e  i n t e r f a c i a l  bond 
s t r e n g t h  r e l a t i v e  t o  t h e  t e n s i l e  s t r e n g t h  o f  
t h e  m o r t a r  i n  t h e  j o i n t ,  a s  i n d i c a t e d  by t h e  
r e d u c t i o n  i n  t h e  number  o f  m o r t a r  f a i l u r e s .
I n  g e n e r a l ,  i t  c a n  be c o n c l u d e d  f ro m  t h i s  programme 
t h a t  t h e  e f f e c t  o f  c h a n g i n g  t h e  g r a d i n g  o f  t h e  p a r t i c u l a r  
s a n d  i s  s m a l l  com pared  t o  t h e  e f f e c t s  o f  o t h e r  f a c t o r s .
9 . 3 .  S u c t i o n  R a t e  Programme R e s u l t s .
The p u r p o s e s  o f  t h i s  p rogramme w ere  t o  i n v e s t i g a t e  
t h e  e f f e c t  o f  b r i c k  s u c t i o n  r a t e  on t h e  bond s t r e n g t h  an d  
t o  h i g h l i g h t  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t h e  use  o f  
h i g h  s u c t i o n  r a t e  b r i c k s .  I t  was a n t i c i p a t e d  t h a t  t h e  h i g h  
s u c t i o n  r a t e  b r i c k s  v/ould c a u s e  some s t i f f e n i n g  o f  t h e  
m o r t a r  d u r i n g  l a y i n g  b u t  t h e  s e v e r i t y  o f  t h i s  e f f e c t  h a d  
n o t  b e e n  e x p e c t e d .
F o r  t h e  t e s t  c o u p l e t s  a F u n t o n  s t o c k  b r i c k
was c h o s e n ,  which  had  a wide r a n g e  o f  s u c t i o n  r a t e s .  The 
o n e - m i n u t e  s u c t i o n  r a t e  was d e t e r m i n e d  f o r  e a c h  o f  383 
b r i c k s  i n  o r d e r  t o  g r o u p  t h e  b r i c k s  i n t o  s u c t i o n  r a t e  
b a n d s .  F i g u r e  9 . 9  shows t h e  d i s t r i b u t i o n  o f  s u c t i o n  r a t e s  
a n d  t h e  c h o i c e  o f  b a n d s .  C o u p l e t s  w ere  m a n u f a c t u r e d  u s i n g  
p a i r s  o f  b r i c k s  s e l e c t e d  f ro m  t h e  same s u c t i o n  r a t e  b a n d .  
B r i c k s  were  l a i d  b e d - p l a n e  t o  b e d - p l a n e  i n  o r d e r  t o  
e l i m i n a t e  t h e  e f f e c t  o f  t h e  f r o g  and  b e c a u s e  t h e  s u c t i o n  
r a t e  d a t a  were  o b t a i n e d  f o r  t h e  b e d - p l a n e s .  Ten c o u p l e t s  
w ere  t e s t e d  f rom  e a c h  s u c t i o n  r a t e  b a n d ,  h a v i n g  b e en  
s t o r e d  i n  t h e  c u r i n g  c a b i n e t s  d e s c r i b e d  i n  s e c t i o n  7 f o r
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m
F i g u r e  9 . 9 .  H i s to g r a m  show ing  d i s t r i b u t i o n  o f  s u c t i o n  
r a t e  f o r  F u n t o n  S t o c k  b r i c k s ,  and  b a n d s  
u s e d  f o r  s u c t i o n  r a t e  p rogramme.
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28 d a y s ,
A 1 : 1 : 6  mix was u s e d  w i t h  a w a t e r  c o n t e n t  wh ich  was 
g r e a t e r  f o r  t h e  h i g h  s u c t i o n  r a t e  b r i c k s .  I n  t h e  o r i g i n a l  
p l a n n i n g  o f  th e  e x p e r i m e n t  i t  was d e c i d e d  t h a t  t h e  w a t e r  
c o n t e n t  s h o u l d  r e m a in  c o n s t a n t  t h r o u g h o u t .  However ,  i t  was 
fo u n d  t h a t  t h e  h i g h e r  s u c t i o n  r a t e  b r i c k s  c a u s e d  t h e  mortar  
t o  s t i f f e n  so  r a p i d l y  t h a t  e x t r a  w a t e r  had  t o  be a d d e d  t o  
c o m p e n s a t e .
I t  was a p p a r e n t  d u r i n g  t h e  l a y i n g  o f  t h e  h i g h  s u c t i o n  
r a t e  b r i c k s  t h a t  t h e  a d d i t i o n  o f  e x t r a  w a t e r  t o  t h e  m o r t a r  
would  n o t  c o m p l e t e l y  c o m p e n s a t e  f o r  t h e  h i g h  b r i c k  s u c t io n .  
I n  o r d e r  t o  f a c i l i t a t e  l a y i n g  an d  t o  g i v e  good  c o n t a c t ,  
some p r e - w e t t i n g  o f  t h e  b r i c k s  w ou ld  h a v e  been  n e c e s s a r y .  
Due t o  t h e  s h o r t a g e  o f  t im e  an d  m a t e r i a l s  (many o f  t h e  
b r i c k s  were  o f  p o o r  s h a p e ) ,  t h i s  m o d i f i c a t i o n  t o  t h e  p r o ­
gramme c o u l d  n o t  be im p le m e n te d .
As a c o n s e q u e n c e ,  many o f  t h e  c o u p l e t s  were  f o u n d ,  
a f t e r  f a i l u r e ,  t o  hav e  i n c o m p l e t e  c o n t a c t  b e tw e e n  b r i c k  
an d  m o r t a r ;  t h e  c o n t a c t  a r e a  g e n e r a l l y  d e c r e a s e d  w i t h  
i n c r e a s i n g  s u c t i o n  r a t e .
T a b le  9 . 6  su m m a r i s e s  t h e  r e s u l t s  o f  t h e  s u c t i o n  r a t e  
p rogram m e,  which  a r e  g i v e n  i n  f u l l  i n  t a b l e s  A 1 .2 6  a n d  
A 1 . 2 7  o f  a p p e n d i x  1. ' I t  c a n  be s e e n  t h a t  t h e  d a t a  on t h e  
l o c a t i o n  o f  t h e  f a i l u r e  p l a n e  i n c l u d e s  t e n s i l e  f a i l u r e  o f  
t h e  b r i c k s  t h e m s e l v e s .  T h i s  m a n i f e s t e d  i t s e l f  a s  s m a l l  
p i e c e s  o f  b r i c k  r e m a i n i n g  a t t a c h e d  t o  t h e  m o r t a r  a t  f a i l u r e  
a n d  s u g g e s t s  t h a t  t h e  b r i c k s  w h ich  w ere  o f  h i g h  s u c t i o n  
r a t e  had  a l o w e r  t e n s i l e  s t r e n g t h .
The sy m b o ls  d e s c r i b i n g  t h e  f a i l u r e  mode a r e  a s
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SUCTION SUCTION AVERAGE WA TER DROP. BALL MORTAR STRENGTH
RATE RATE RANGE SUC.RATE CONTENT PENET­ COMP­ FLEX­
BAND RATION RESSIVE URAL
( kg/m2min) (k g /m 2min) ( * ) (mm) (N/mm2 ) ( N/mm.2)1 0 . 0 0 - 0 . 7 3 0 . 6 2 20 9 . 2 8 . 2 ' 2 . 92 0 . 7 6 - 1 . 3 0 1 . 0 9 20 9 . 6 8 . 6 2 . 9
3 1 . 5 1 - 2 . 2 5 1 . 8 4 2 0 j 1 0 . 9 7 . 2 3 . 04 2 . 2 6 - 3 . 0 0 2 . 6 4 21 1 1 . 2 6 . 9 2 . 63 3 . 0 1 - 3 . 7 3 3 . 4 9 21 i 1 2 . 8 7 . 0 2 . 66 3 . 7 6 - 4 . 3 0 4.  03 22 1 3 . 8 6 . 3 2 . 3
I
SUCTION
RATE
BAND
CONTACT
AREA
(« )
BOND
STRENGTH
( N/mm^)
LOCATION 
BRICK TOP
( * )  (* )
OF FAILURE PLANE 
MORTAR BOTTOM BRICK
{%) (%) i%)1 94 0 . 2 4 0 49 17 44 02 87 0 . 3 0 0 34 36 11 0
3 88 0 . 2 8 0 11 17 73 04 69 0 . 3 2 0 43 46 10 0
5 72 0 . 2 8 24 22 41 10 66 49 0 . 3 0 71 24 5 0 0
T a b le  9 - 6 .  S u c t i o n  R a t e  Programme R e s u l t s  b a s e d  on 
P u n to n  S t o c k  B r i c k s  a n d  1 : 1 : 6  M o r t a r .
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d e f i n e d  i n  s e c t i o n  9 . 2 ,  w i t n  t h e  a d d i t i o n  o f  t e n s i l e  
f a i l u r e s  i n  e i t h e r  t h e  t o p  b r i c k ,  o r  t h e  b o t to m  b r i c k ,  
a c c o r d i n g  t o  t h e  p o s i t i o n  i n  t h e  t a b l e .  In  a p p e n d i x  1, 
t a b l e s  A 1 .2 6  and  A 1 .2 7  t h e s e  a r e  d e s i g n a t e d  by Br .
As  a r e s u l t  o f  t h e  d i f f i c u l t i e s  i n  l a y i n g  t h e  h i g h e r  
s u c t i o n  r a t e  b r i c k s ,  t h e  bond s t r e n g t h  c o e f f i c i e n t s  o f  
v a r i a t i o n  a r e  c o r r e s p o n d i n g l y  h i g h e r .  The v a l u e s  f o r  t h e  
s i x  b an d s  a r e  a s  f o l l o w s :
S u c t i o n  R a t e  Band 1 10.0%
I t  "  t* 2 17 . 2/o *
3 2 1 . 5 #h 2 1 . k%
5 29.7%6 3 6 . 0%
These  v a l u e s  r e f l e c t  . the  d e g r e e  o f  i n c o m p l e t e  c o n t a c t  
shown by t h e  h i g h e r  s u c t i o n  r a t e  b r i c k  c o u p l e t s .
9 . A. C u r i n g  Programme R e s u l t s .
The f o u r  s p e c i a l  c u r i n g  c o n d i t i o n s  d e s c r i b e d  i n  
s e c t i o n  6 . i |  were  c h o s e n  t o  g i v e  a wide  v a r i a t i o n  o f  
e n v i r o n m e n t s ,  which  a r e  a n a l o g o u s  t o  s i t e  c o n d i t i o n s  t h a t  
may o c c u r  i n  p r a c t i c e .  The c a b i n e t  c u r e d  c o u p l e t s  were  
i n c l u d e d  a s  c o n t r o l s  t o  r e f e r e n c e  b a c k  t o  t h e  m o r t a r  
programme.
T a b le  9*7 g i v e s  a summary o f  t h e  r e s u l t s ,  w h ich  a r e  
shown i n  f u l l  i n  t a b l e s  A1. 28-A 1.31  o f  a p p e n d i x  1. The 
c a b i n e t - c u r e d  c o u p l e t s  g i v e  bond s t r e n g t h s  o f  0 . 39N/mm^ 
an d  0 . l6R/mm.2 f o r  t h e  H o lb r o o k  and S o u t h w a t e r  b r i c k s  
r e s p e c t i v e l y .  These  v a l u e s  may be com pared  w i t h  t h e  
c o r r e s p o n d i n g  s t r e n g t h  v a l u e s  o f  0.37N/mm^ and  0 . i8N /mm^ 
f ro m  t h e  m o r t a r  programme.
C o n d i t i o n s  i n  which  t h e  c o u p l e t s  w ere  w a t e r
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s a t u r a t e d  f o r  some or a l l  o f  the cur ing  per iod  g i v e  the •
h i g h e s t  bond s t r e n g t h  a f t e r  26 days, a l though the h ig h er
s tr e n g th  obta in ed  by mist-room cur ing  o f  Southwater br ick
c o u p l e t s  i s  not  s i g n i f i c a n t .  S i g n i f i c a n t  l e v e l s  f o r  a l l
the s p e c i a l  c u r in g  c o n d i t i o n s  are  g iven  in t a b le  9 *7 > from
which i t  can be seen t h a t  the r ed u c t ion  in bond s tr e n g th
/
due to  c o n s ta n t  tem p erature /hu m id i ty  cur in g  i s  h i g h l y  
s i g n i f i c a n t  f o r  both ty p e s  o f  br ick .  As a check,  the  
s i g n i f i c a n c e  o f  the d i f f e r e n c e s  between the c a b in e t - c u r e d  
c o u p l e t s  in  th e 'm o rta r  and cur ing  programmes was a s s e s s e d .  
I t  was c a l c u l a t e d  th a t  the d i f f e r e n c e s  were not a t  a l l  
s i g n i f i c a n t .
For the p a r t i c u l a r  combinations o f  b r ick  and mortar  
used in  t h i s  programme i t  may be concluded t h a t :
( i )  Wet c u r in g  c o n d i t i o n s  g i v e  h ig h er  bond 
s t r e n g t h s .
( i i )  Dry cu r in g  c o n d i t i o n s  g iv e  lower bond 
s t r e n g t h s .
( i i i )  F reeze / thaw  cur ing  may low er  the bond s t r e n g t h ,  
although  the bond i s  not d es tr o y ed .
Again  the c o e f f i c i e n t s  o f  v a r i a t i o n  are  g r e a t e r  f o r
the Southwater b r ick  c o u p l e t s  than f o r  the Holbrook b r ic k
c o u p l e t s .  The v a lu e s  are:
Holbrook 8 . Q%Southwater 16 . 8%
From data on the l o c a t i o n  o f  the f a i l u r e  p lane  the  
f o l l o w i n g  c o n c lu s i o n s  may be drawn:
( i )  For Holbrook b r i c k s ,  bottom-plane f a i l u r e s  are  
more l i k e l y  than to p -p la n e  f a i l u r e s .
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( i i )  F o r  S o u t h w a t e r  b r i c k s ,  t o p - p l a n e  f a i l u r e s  a r e  
much more l i k e l y  t h a n  b o t t o m - p l a n e  f a i l u r e s .
( i i i )  F o r  S o u t h w a t e r  b r i c k s ,  t h e  o n l y  b o t t o m - p l a n e  
f a i l u r e  o c c u r e d  a s  a r e s u l t  o f  wet  c u r i n g  
c o n d i t i o n s .
These  c o n c l u s i o n s  f o l l o w  t h e  g e n e r a l  p a t t e r n  o f  t h e  
o t h e r  p r ogrammes  w i t h  r e s p e c t  t o  t h e  d i f f e r e n c e  i n  f a i l u r e  
mode b e t w e e n  t h e  two b r i c k  t y p e s .  A p o s s i b l e  e x p l a n a t i o n  
i s  t h a t  t h e  l o w e r  s u c t i o n  r a t e  and  s m o o t h e r  s u r f a c e  o f  t h e  
S o u t h w a t e r  b r i c k  c a u s e d  t h e  m o r t a r  v e r y  c l o s e  t o  t h e  
i n t e r f a c e  t o  h av e  a h i g h  m o i s t u r e  c o n t e n t  and  c o n s e q u e n t  
low s t r e n g t h .  A g a i n ,  t h i s  c o n c e p t  w i l l  be d i s c u s s e d  f u l l y  
i n  s e c t i o n  13*
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1 0 . DISCUSSION OF THE EXPERIMENTAL RESULTS IN RELATION
TO EXISTING KNOWLEDGE.
I n  s e c t i o n  2 t h e  i m p o r t a n t  f a c t o r s  a f f e c t i n g  bond 
s t r e n g t h  were  s u r v e y e d  and a summary o f  t h e  f i n d i n g s  i s  
g i v e n  i n  s e c t i o n  2 . 1 3 .  Of t h e  21 p o i n t s  l i s t e d  i n  t h a t  
s e c t i o n ,  more t h a n  h a l f  a r e  o f  d i r e c t  r e l e v e n c e  t o  t h e  
p r e s e n t  e x p e r i m e n t a l  i n v e s t i g a t i o n  and a r e  d i s c u s s e d  
be l ow.  I n  t h e  f o l l o w i n g  s t a t e m e n t s  t h e  e n u m e r a t i o n  r e f e r s  
t o  i t e m s  l i s t e d  i n  s e c t i o n  2 . 1 3 .
( i )  "Maximum bond s t r e n g t h  i s  o b t a i n e d  when t h e  
s u c t i o n  r a t e  o f  t h e  b r i c k  i s  i n  t h e  r a n g e  0 . 5 - 1 . 2kg/m.2 min.  "
R e s u l t s  f rom t h e  s u c t i o n  r a t e  programme g i v e n  i n  t a b l e
9 . 6  a r e  i n c o n c l u s i v e  due t o  t h e  i n c o m p l e t e  c o n t a c t
a c h i e v e d ,  a n d  b e c a u s e  t h e  c o u p l e t s  were  m a n u f a c t u r e d
u s i n g  m o r t a r s  o f  d i f f e r e n t  w a t e r  c o n t e n t s .  I t  i s  c l e a r ,
h o we v e r ,  t h a t  u s i n g  m o r t a r s  o f  t h e  same w a t e r  c o n t e n t ,
h i g h  s u c t i o n  r a t e  b r i c k s  woul d  g i v e  a j o i n t  o f  l e s s e r
q u a l i t y  t h a n  m o d e r a t e  s u c t i o n  r a t e  b r i c k s .
( i i i )  "The s u c t i o n  r a t e  o f  t h e  l o w e r ‘b r i c k  h a s  a 
more s i g n i f i c a n t  e f f e c t  t h a n  t h e  s u c t i o n  r a t e  
o f  t h e  u p p e r  b r i c k . "
O b s e r v a t i o n s  d u r i n g  t h e  m a n u f a c t u r e  o f  c o u p l e t s  u s i n g  t h e  
h i g h e r  s u c t i o n  r a t e  F u n t o n  b r i c k s  show t h a t  a l t h o u g h  
m o r t a r  c a n  be s p r e a d  o n t o  t h e  l o w e r  b r i c k ,  r a p i d  d e ­
w a t e r i n g  o f  t h e  m o r t a r  makes  t h e  l a y i n g  o f  t h e  t o p  b r i c k  
v e r y  d i f f i c u l t ,  r e g a r d l e s s  o f  i t s  s u c t i o n  r a t e .
( i v )  "The b r i c k  t y p e  i s  i m p o r t a n t ,  b u t  t h e r e  i s  a 
l a c k  o f  a g r e e m e n t  a s  t o  wh i ch  i s  b e s t . "
The r e s u l t s  f rom t h e  t h r e e  p r o gr am me s  i n  whi ch  b o t h
f a c i n g  a n d  e n g i n e e r i n g  b r i c k s  a r e  u s e d  c o n s i s t e n t l y  show
t h a t  t h e  e n g i n e e r i n g  b r i c k s  g i v e  a l o w e r  bond s t r e n g t h ,
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d e s p i t e  b o t h  b r i c k  t y p e s  h a v i n g  low s u c t i o n  r a t e s .
D i f f e r e n c e s  b e t w ee n  t h e  two b r i c k  t y p e s  a r e  s h a p e ,  w e i g h t ,
r o u g h n e s s  s n d  c h e m i c a l  c o m p o s i t i o n ,  b u t  i t  i s  n o t  c l e a r
which  h a s  t h e  g r e a t e s t  i n f l u e n c e  on bond s t r e n g t h .
( v )  " G e n e r a l l y  smooth b r i c k s  g i v e  h i g h e r  bond 
s t r e n g t h  t h a n  r ou gh  b r i c k s . "
The t r e n d  o f  t h e  e x p e r i m e n t a l  r e s u l t s  i s  e n t i r e l y
c o n t r a r y  t o  t h i s  s t a t e m e n t ,  t h e  e n g i n e e r i n g  b r i c k s  b e i n g
more smooth  t h a n  t h e  f a c i n g ,  a l t h o u g h  b e c a u s e  o f  t h e
o t h e r  d i f f e r e n c e s  s t a t e d  a b o v e ,  i t  i s  n o t  c e r t a i n  t h a t
s m o o t h n e s s  i s  t h e  c a u s e  o f  t h e  l o w e r  bond s t r e n g t h .
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( i x )  "Bond s t r e n g t h  d o e s  n o t  n e c e s s a r i l y  i n c r e a s e  
w i t h  cemen t  c o n t e n t ;  h i g h - l i m e  m o r t a r s  a r e  
o f t e n  s u p e r i o r  f o r  use  w i t h  s t i f f - m u d  s h a l e  
b r i c k s . "
The e n g i n e e r i n g  b r i c k s  a r e  o f  t h i s  t y p e  a nd  do show a 
h i g h e r  bond s t r e n g t h  w i t h  1 : 1 : 6  m o r t a r  ( f i g u r e  9 . 6 ) .  I n  
c o n t r a s t  e x t r u d e d  f a c i n g  b r i c k s  show a g e n e r a l  i n c r e a s e  
i n  bond s t r e n g t h  w i t h  cemen t  c o n t e n t .  The e n h a n c e d  
m e c h a n i c a l  k e y i n g  o f  t h e  m o r t a r  t o  t h e  r o u g h e r  w i r e - c u t  
f a c i n g  b r i c k  would seem t o  o f f e r  t h e  b e s t  e x p l a n a t i o n  f o r  
t h i s  b e h a v i o u r .
( x )  " H i g h - l i m e  m o r t a r s  show i mp ro v ed  w o r k a b i l i t y  
a n d  r e t e n t i v i t y  and  l e s s  s h r i n k a g e . "
F i g u r e  9 .1  shows t h a t  f o r  m o r t a r s  o f  i d e n t i c a l  w a t e r
c o n t e n t ,  h i g h e r  c em e n t  c o n t e n t  g i v e s  h i g h e r  c o n s i s t e n c e
a s  m e a s u r e d  by t h e  d r o p p i n g  b a l l  t e s t .  T h i s ,  h o w e v e r ,  i s
n o t  a m e as u r e  o f  w o r k a b i l i t y ,  wh i ch  may be b e t t e r  j u d g e d
by e x p e r i e n c e .  G e n e r a l l y  i t  was f e l t  t h a t  h i g h - l i m e
m o r t a r s  were  l e s s  h a r s h  and  s p r e a d  more e a s i l y  o n t o  t h e
b r i c k .  I t  w i l l  be shown i n  s e c t i o n  11 t h a t  w a t e r  
r e t e n t i v i t y  i s  g r e a t e s t  f o r  h i g h - l i m e  m o r t a r s .
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( x i )  " M o r t a r  c o n s i s t e n c e  s h o u l d  be a s  h i g h  a s  
p r a c t i c a b l e ,  p a r t i c u l a r l y  when h i g h  s u c t i o n  
r a t e  b r i c k s  a r e  u s e d . "
The comments  i n  s e c t i o n  9*3 on t h e  l a y i n g  o f  h i g h  s u c t i o n
r a t e  b r i c k s  i l l u s t r a t e  t h e  a bo ve  p o i n t .  F o r  b r i c k s  o f
t h i s  t y p e ,  e x c e s s  w a t e r  i s  e s s e n t i a l  e i t h e r  i n  t h e  m o r t a r
d u r i n g  m i x i n g ,  o r  i n  t h e  b r i c k  by p r e - w e t t i n g ,  i n  o r d e r
t o  c o u n t e r a c t  t h e  s t i f f e n i n g  o f  t h e  m o r t a r  c a u s e d  by h i g h
b r i c k  s u c t i o n .
( x i i )  " H i g h e r  c o n s i s t e n c e  i n c r e a s e s  t h e  r a t i o  o f  
bond s t r e n g t h  t o  m o r t a r  t e n s i l e  s t r e n g t h  a nd  
i n d u c e s  f a i l u r e  t o  o c c u r  i n  t h e  body  o f  t h e  
m o r t a r ,  r a t h e r  t h a n  a t  t h e  i n t e r f a c e . "
The m o r t a r  programme r e s u l t s  g i v e n  i n  t a b l e s  9*1 a n d  9 . 2
show t h a t  m o r t a r  c o n s i s t e n c e  d o es  n o t  h a v e  a n y  s i g n i f i c a n t
e f f e c t  on e i t h e r  t h e  m o r t a r  f l e x u r a l  s t r e n g t h  o r  t h e
c o u p l e t  bond s t r e n g t h .  F a i l u r e  w i t h i n  t h e  m o r t a r  t e n d s  t o
be r e l a t e d  t o  c o n s i s t e n c e . f o r  H o l b r o o k  f a c i n g  b r i c k
c o u p l e t s  w i t h  m o r t a r  g r a d e s  ( i i i )  a n d  ( i v ) ,  b u t  n o t  f o r
S o u t h w a t e r  e n g i n e e r i n g  b r i c k  c o u p l e t s .  T a b l e  A 1 . 9  shows
t h e  b e h a v i o u r  o f  H o l b r o o k  b r i c k  c o u p l e t s  more c l e a r l y .
( x v i )  " P r e - w e t t i n g  low o r  medium s u c t i o n  r a t e  b r i c k s  
c o u l d  r e d u c e  bond s t r e n g t h .  "
The o v e r w h e l m i n g  e v i d e n c e  f ro m t h e  m o r t a r  programme a n d  
t h e  s a n d  g r a d i n g  programme i s  i n  s u p p o r t  o f  t h i s  s t a t e ­
m e n t .  Bond s t r e n g t h s  o f  f a c i n g  and e n g i n e e r i n g  b r i c k s  o f  
low s u c t i o n  r a t e  a r e  r e d u c e d  by up t o  30%,
( x v i i i )  "Damp c u r i n g  c o n d i t i o n s  i mp ro ve  bond 
s t r e n g t h . "
I t  can be s e e n  f ro m t a b l e  9 . 7  t h a t  c o u p l e t s  s u b j e c t e d  t o  
we t  c u r i n g  c o n d i t i o n s  show s i g n i f i c a n t l y  h i g h e r  bond 
s t r e n g t h  t h a n  t h o s e  c u r e d  i n  r e l a t i v e l y  d r y  c o n d i t i o n s .
( x i x )  " F r e e z i n g  can  be d e t r i m e n t a l  t o  b o n d . "
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I n  t h e  c a s e  o f  'both f a c i n g  a n d  e n g i n e e r i n g  b r i c k  c o u p l e t s ,  
f r e e z e / t h a w  c o n d i t i o n s  gave  l o w e r  bond s t r e n g t h  t h a n  t h e  
s t a n d a r d  c a b i n e t  c u r i n g  c o n d i t i o n s .  I n  no c a s e s ,  h o w e v e r ,  
were  t h e  j o i n t s  f r a c t u r e d  due t o  f r e e z i n g .
( x x )  " D e l a y  be t we en  p l a c i n g  m o r t a r  and  t o p  b r i c k  
w i l l  r e d u c e  bond s t r e n g t h ,  p a r t i c u l a r l y  f o r  
h i g h  s u c t i o n  r a t e  b r i c k s . "
I t  was v i s i b l y  a p p a r e n t  d u r i n g  t h e  m a n u f a c t u r e  o f  c o u p l e t s
f o r  t h e  s u c t i o n  r a t e  programme,  t h a t  t h e  u p p e r  s u r f a c e  o f
t h e  m o r t a r  became p r o g r e s s i v e l y  d e w a t e r e d  b e f o r e  t h e  t o p
b r i c k  c o u l d  be p l a c e d .  T h i s  e f f e c t  was most  p r o n o u n c e d
when t h e  h i g h e s t  s u c t i o n  r a t e  b r i c k s  were  u s e d .
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11 . THE MOISTURE CHARACTERISTICS OF MORTAR.
As a g e n e r a l  h y p o t h e s i s  o f  t h e  bond s t r e n g t h  o f  
b r i c k w o r k  i t  rnay be s t a t e d  t h a t  t h e r e  w i l l  e x i s t  w i t h i n  
t h e  m o r t a r  a d i s t r i b u t i o n  o f  t e n s i l e  s t r e n g t h ,  s u c h  t h a t  
f a i l u r e  v / i l l  be i n i t i a t e d  f ro m t h e  p o i n t  where  t h e  t e n s i l e  
s t r e s s  f i r s t  e x c e e d s  t h e  t e n s i l e  s t r e n g t h .  Prom t h e  
l i t e r a t u r e  r e v i e w e d  i n  s e c t i o n  2 and  t h e  e x p e r i m e n t a l  
r e s u l t s  i n  s e c t i o n  9 i t  i s  c l e a r  t h a t  t h e  movement  o f  
w a t e r  f ro m t h e  m o r t a r  t o  t h e  b r i c k  i s  an i m p o r t a n t  f a c t o r  
c o n t r i b u t i n g  t o  t h e  d e t e r m i n a t i o n  o f  t h e  t e n s i l e  s t r e n g t h
(U5).
T h i s  h y p o t h e s i s  w i l l  be d i s c u s s e d  f u l l y  i n  s e c t i o n  
1'3f b u t  a s  a p i l o t  s t u d y  o f  t h e  p o s s i b i l i t y  o f  a p p l y i n g  
u n s a t u r a t e d  f l o w  t h e o r y  t o  t h e  p r o b l e m  o f  w a t e r  movement ,  
t h e  work  o f  t h i s  s e c t i o n  was c a r r i e d  o u t .
I n  e s s e n c e  t h e  t h e o r y  r e g a r d s  a p o r o u s  m a t e r i a l  a s  
b e i n g  homogeneous ,  and  h a v i n g  b e h a v i o u r  c h a r a c t e r i s e d  by 
t h r e e  p r o p e r t i e s ,  w h i c h . a r e  f u n c t i o n s  o f  t h e  m o i s t u r e  
c o n t e n t ,  6.  Th ese  p r o p e r t i e s  a r e  t h e  h y d r a u l i c  c o n d u c t i v ­
i t y ,  K; t h e  d i f f u s i v i t y ,  D; and  t h e  c a p i l l a r y  p o t e n t i a l ,
"f ( 1 3) • Ea ch  f u n c t i o n a l  r e l a t i o n s h i p  c a n  be d e t e r m i n e d  
e x p e r i m e n t a l l y  a n d  t h e  t h r e e  a r e  r e l a t e d  .by t h e  s i m p l e  
e x p r e s s i o n
D = K ( d V a e ) .
U n s a t u r a t e d  f l o w  t h e o r y  seems t o  ha ve  c e r t a i n  
a d v a n t a g e s  f o r  t h e  p u r p o s e  o f  c l a s s i f y i n g  b u i l d i n g  
m a t e r i a l s  and  p r e d i c t i n g  t h e i r  b e h a v i o u r .  A c c o r d i n g  t o  
H a l l  ( U6) ,  u . . . .  t h e  m i c r o s t r u c t u r e s  o f  t e c h n i c a l  b u i l d ­
i n g  m a t e r i a l s  a r e  c o m p l i c a t e d  and  c a n n o t  y e t  be a d e q u a t e l y
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d e s c r i b e d  m a t h e m a t i c a l l y .  A t  p r e s e n t ,  f l o w  p r o c e s s e s  i n  
b u i l d i n g  m a t e r i a l s  a r e  more amen ab le  t o  m a c r o s c o p i c  
a n a l y s i s . 1' I n  a d d i t i o n ,  t h e  t h e o r y  r e l i e s  on c o n c e p t s  
which  ha ve  a sound t h e o r e t i c a l  b a s i s  a n d ,  a s  s u c h ,  i s  
a m e n a b l e  t o  a n a l y t i c a l  an d  n u m e r i c a l  d e v e l o p m e n t  ( e g .  t h e  
i n f i l t r a t i o n  s o l u t i o n  o f  B r u t s a e r t  ( 4 7 )  > whi ch  g i v e s  
m o i s t u r e  c o n t e n t  a s  a f u n c t i o n  o f  t i m e  an d  l o c a t i o n  w i t h ­
i n  a n  i n i t i a l l y  d r y  p o r o u s  medium).
I n  v i ew o f  t h e  p o s s i b l e  f u t u r e  us e  o f  u n s a t u r a t e d  
f l o w  t h e o r y  f o r  t h e  p r e d i c t i o n  o f  m o i s t u r e  movement  f r o m 
m o r t a r  t o  b r i c k  a s h o r t  s e r i e s  o f  e x p e r i m e n t s  was c a r r i e d  
o u t .  T h i s  was d e s i g n e d  t o  d e t e r m i n e  t h e  r e l a t i o n s h i p  
b e t w e e n  c a p i l l a r y  p o t e n t i a l  ( s o i l  s u c t i o n )  a n d  m o i s t u r e  
c o n t e n t  f o r  t h e  f o u r  g r a d e s  o f  m o r t a r  u se d  i n  t h e  m o r t a r  
programme ( s e c t i o n  6 . 1 ) .  Such a r e l a t i o n s h i p  i s  known a s  
a m o i s t u r e  c h a r a c t e r i s t i c  o f  t h e  m a t e r i a l .
The e x p e r i m e n t a l  s e t - u p  i s  b a s e d  on t h e  m o d i f i e d  
s u c t i o n  p l a t e  m e t h o d  o f  C r o ne y ,  Coleman and  B r i d g e  ( 4 8 ) .  
The a p p a r a t u s ,  shown i n  f i g u r e  1 1 . 1 ,  c o n s i s t s  o f  a 50mm 
d i a m e t e r  s i n t e r e d  g l a s s  f i l t e r  which  s i t s  i n s i d e  a 
p e r s p e x  t u b e .  The f i l t e r  p o r o s i t y  g r a d e  i s  t h e  f i n e s t  
a v a i l a b l e  ( g r a d e  4* mean p o r e  s i z e  a b o u t  lOyum) i n  o r d e r  
t o  m i n i m i z e  t h e  p o s s i b i l i t y  o f  a i r  i n f i l t r a t i o n  u n d e r  
s u c t i o n .  A 2m l o n g ,  2.5mm d i a m e t e r  c a p i l l a r y  t u b e  
i n d i c a t e s  movement  o f  w a t e r  f r o m  t h e  s a m p l e .  A t  t h e  
o t h e r  en d  a m o v a b l e - l i m b  manometer  c o n t r o l s  t h e  s u c t i o n ,  
which  i s  i n c r e a s e d  i n  i n c r e m e n t s .  I n i t i a l l y  e q u i l i b r i u m  
i s  e s t a b l i s h e d  by a d j u s t i n g  t h e  manomet er ,  w i t h  t h e  w a t e r  
- s a t u r a t e d  g l a s s  f i l t e r  s e a l e d  o n t o  i t s  s e a t i n g  u s i n g
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vacuum g r e a s e .  The m o r t a r  s a m p l e ,  o f  known w a t e r  c o n t e n t ,  
i s  packed  o n t o  t h e  f i l t e r  w i t h  t he  t a p  c l o s e d  t o  a v o i d  
movement  o f  t h e  m e n i s c u s .  The manomete r  l i m b  i s  a d j u s t e d  
t o  a l l o w  f o r  t h e  a d d i t i o n a l  p r e s s u r e  h e a d  due t o  t h e  
r a i s i n g  o f  t h e  w a t e r  s u r f a c e  f rom f i l t e r  l e v e l  t o  m o r t a r  
l e v e l .  C o m p e n s a t i o n  must  a l s o  be made f o r  t h e  c a p i l l a r y  
h e a d  a t  t h e  m e n i s c u s ,  w h i ch  f o r  t h e  2.5mm t u b e  a m o u n t s  t o  
a b o u t  12mm. A t  t h i s  p o i n t ,  h^ and  t h e  c a p i l l a r y  h e a d  
co mbi ned  s h o u l d  be e x a c t l y  b a l a n c e d  by h 2 , so  t h a t  when 
t h e  t a p  i s  o p e n e d  t h e  m e n i s c u s  s h o u l d  r e m a i n  s t a t i o n a r y .  
The manomet er  l i m b  i s  t h e n  s u c c e s s i v e l y  l o w e r e d  a n d  
r e a d i n g s  a r e  t a k e n  o f  t h e  m e n i s c u s  movement  when e q u i ­
l i b r i u m  h a s  been  r e a c h e d .  I n  t h e  e a r l y  s t a g e s  t h i s  may 
t a k e  s e v e r a l  m i n u t e s  t o  o c c u r ,  b u t  a s  t h e  m o i s t u r e  c o n t en t  
i s  r e d u c e d ,  e q u i l i b r i u m  i s  r e a c h e d  more q u i c k l y .  The t e s t  
was s t o p p e d  when t h e  l i m i t  o f  t r a v e l  o f  t h e  m a no m et e r  
l i m b  was r e a c h e d  o r  when t h e  a i r  b eg an  t o  l e a k  p a s t  t h e  
s i n t e r e d  g l a s s  d i s c .
Prom t h e  movement  o f  t h e  m e n i s c u s  a l o n g  t h e  
c a p i l l a r y ,  t h e  m o i s t u r e  c o n t e n t  o f  t h e  m o r t a r  s a mp l e  
c o u l d  be c a l c u l a t e d ,  w i t h  t h e  a s s u m p t i o n  t h a t  t h e  m o i s t u r e  
c o n t e n t  was u n i f o r m  t h r o u g h o u t  t h e  t h i c k n e s s  o f  t h e  
s a m p l e .  The i n i t i a l  m o i s t u r e  c o n t e n t s  o f  t h e  f o u r  m o r t a r  
m i x e s  were  d e t e r m i n e d  a c c o r d i n g  t o  a p p e n d i x  3 a n d  g a ve  
t h e  f o l l o w i n g  r e s u l t s :
M o r t a r  g r a d e I n i t i a l  M o i s t u r e  C o n t e n t  ( cm3/cm3)
1 4 : 3 , 0 . 3 3 3j * 2 •^2 0 .3311 :1 :6 0 . 3 2 91 : 2 : 9 0 . 3 2 9
The r e s u l t s  o f  t h e  s u c t i o n  t e s t s  a r e  shown i n  f i g u r e
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m o i s t u r e  c o n t e n t  9 (cm^/cm3)
F i g u r e  1 1 . 2 .  M o i s t u r e  c h a r a c t e r i s t i c s  f o r  m o r t a r s  u s e d  
i n  e x p e r i m e n t a l  programme.
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1 1 . 2 .  C a p i l l a r y  p o t e n t i a l  h a s  been  c a l c u l a t e d  a s  t h e  n e t  
s u c t i o n  ( h ^ - h 2 + B p p r o x . 1. 2cm) a c t i n g  on t h e  m o r t a r  and  h a s  
b een  p l o t t e d  a g a i n s t  m o i s t u r e  c o n t e n t .  I t  can be s e e n  t h a t  
a b ov e  a s u c t i o n  o f  a b o u t  10cm e a c h  m o r t a r  g r a d e  shows a 
l i n e a r  r e l a t i o n s h i p  o f  a p p r o x i m a t e l y  t h e  same s l o p e  and  
t h a t  t h e  c u r v e s  a r e  o r d e r e d  i n  t h e  e x p e c t e d  m an ne r ,  
i m p l y i n g  t h a t  m o i s t u r e  i s  r e t a i n e d  b e t t e r  by m o r t a r s  
c o n t a i n i n g  more l i m e .
An i n t e r e s t i n g  f e a t u r e  o f  t h e  c h a r a c t e r i s t i c s  i s  t h e  
way t h a t  t h e  m o i s t u r e  c o n t e n t  i s  r a p i d l y  r e d u c e d  f r o m  
s a t u r a t i o n  u n d e r  v e r y  low s u c t i o n s  i n  t h e  e a r l y  s t a g e s  o f
t h e  t e s t s .  T h i s  c o u l d  be t a k e n  t o  i m p l y  t h a t  i f  m o r t a r  i s
s u b j e c t e d  t o  v e r y  low s u c t i o n  f o r c e s  ( a s ,  f o r  e x a m p l e ,  
f ro m a d e n s e  e n g i n e e r i n g  b r i c k )  t h e  r e s u l t i n g  m o i s t u r e  
c o n t e n t  o f  t h e  m o r t a r  w i l l  be u n c e r t a i n  and  t h e  p h y s i c a l
p r o p e r t i e s  o f  t h e  h a r d e n e d  m o r t a r  j o i n t  s u b j e c t  t o
c o r r e s p o n d i n g l y  l a r g e  v a r i a t i o n s .  P e r h a p s  t h i s  m ec ha n i s m 
e x p l a i n s  t h e  h i g h e r  c o e f f i c i e n t s  o f  v a r i a t i o n  n o t e d  
t h r o u g h o u t  s e c t i o n  9 f o r  S o u t h w a t e r  e n g i n e e r i n g  b r i c k  
c o u p l e t s .
F o l l o w i n g  t h e  s u c c e s s f u l  t e s t s  on m o r t a r s ,  i t  was  
d e c i d e d  t h a t  b r i c k s  s h o u l d  be t r e a t e d  i n  t h e  same way.  
However ,  p r a c t i c a l  d i f f i c u l t i e s  meant  t h a t  t h i s  c o u l d  n o t  
be done .  Th er e  were  two main p r o b l e m s .  F i r s t l y ,  t h e  
s i n t e r e d  g l a s s  d i s c s  were  n o t  f l a t  an d  good c o n t a c t  c o u l d  
n o t  be a c h i e v e d  w i t h  t h e  b r i c k  d i s c s .  S e c o n d l y ,  t h e  
p o r o s i t y  and  s u c t i o n  f o r c e s  o f  t h e  b r i c k s  wer e  s uc h  t h a t  
t h e  e q u i p m e n t  was n o t  s u f f i c i e n t l y  s e n s i t i v e  t o  g i v e  
a d e q u a t e  r e s u l t s .
81+
A c c o r d i n g  t o  P h i l i p  (13)> t h e  p r o c e s s e s  o f  s u c t i o n
and a b s o r p t i o n  may be d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n :
36 = 3 /-,<1®) -  dk.  36 d t  dzV b z '  d0 5z
where  t = t i m e , - z = d i s t a n c e  and t h e  o t h e r  s y mb o l s  have  been
d e f i n e d  p r e v i o u s l y .  The l a s t  t e r m  may be d r o p p e d  i f  t h e
e f f e c t s  o f  g r a v i t y  a r e  n e g l i g i b l e ,  a s  s u g g e s t e d  by
Gumtnerson,  H a l l  and  H o f f  ( 4 5 ) .  I n  v iew o f  t h e  s h o r t
p e r i o d s  o f  t i m e  i n v o l v e d  a n d  t h e  s m a l l  s c a l e  o f  t h e  medium,
t h i s  seems t o  be a r e a s o n a b l e  a s s u m p t i o n .
S o l u t i o n s  t o  t h i s  e q u a t i o n  may be o b t a i n e d  f o r  
p a r t i c u l a r  c a s e s  u s i n g  t h e  f i n i t e  d i f f e r e n c e  m e t h o d ,  b u t  
a n a l y t i c a l  s o l u t i o n s  o f  a g e n e r a l  n a t u r e  w i l l  r e q u i r e  
s i m p l i f y i n g  s u b s t i t u t i o n s ,  s uc h  a s  B o l t z m a n n ’ s t r a n s ­
f o r m a t i o n  t o  be made ( 1 3 ) .
The t h e o r y  h a s  t h e  p o t e n t i a l  t o  p r e d i c t  t h e  movement  
o f  w a t e r  f rom m o r t a r  t o  b r ick : ,  b u t  t h e r e  a r e  s e v e r a l  
d i f f i c u l t i e s :
( i )  e x p e r i m e n t a l  d a t a  a r e  r e q u i r e d  on t h e  h y d r a u l i c  
p r o p e r t i e s  o f  b o t h  m o r t a r  a n d  b r i c k ,
( i i )  D a r c y ’ s law may n o t  h o l d  due t o  t h e  p r e s e n c e  
o f  s o l u t e s  a nd  m o b i l e  p a r t i c l e s  ( 4 6 ) ,
( i i i )  t h e  h y d r a t i o n  r e a c t i o n s  c a u s e  c o n t i n u o u s  
c h a n g e s  t o  o c c u r  i n  t h e  p r o p e r t i e s  o f  t h e  
l i q u i d  p h a s e ,
( i v )  s m a l l  c h a n g e s  ( 6 - 7/<0 i n  t h e  b u l k  d e n s i t y  o f  t h e  
m o r t a r  may c a u s e  l a r g e  c h a n g e s  ( up  t o  300fo) i n  
t h e  h y d r a u l i c  . c o n d u c t i v i t y  ( 4 9 ) .
As an  e x p e r i m e n t a l  v e r i f i c a t i o n  o f  t h e  t h e o r y ,  
t h e r e  a r e  t e c h n i q u e s  which  can  be us e d  f o r  m e a s u r i n g  
t h e  m o i s t u r e  c o n t e n t  o f  t h e  m a t e r i a l s .  Of t h e s e  t h e  
mos t  p r o m i s i n g  a p p e a r s  t o  be gamma r a y  a b s o r p t i o n  
( 5 0 , 5 1 , 5 2 ) .
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12.  CHEMICAL ANALYSIS OF MORTAR BY X-RAY DIFFRACTION.
1 2 . 1 .  I n t r o d u c t i o n .
The p u r p o s e  o f  t h i s  a s p e c t  o f  t h e  work was t o  examine  
t h e  p o s s i b i l i t y  o f  u s i n g  x - r a y  d i f f r a c t i o n  t o  d e t e r m i n e  
t h e  c r y s t a l  s t r u c t u r e  o f  m o r t a r  f rom a b r i c k w o r k  j o i n t ,  
a n d  t o  r e l a t e  t h a t  s t r u c t u r e  t o  t h e  v a r i o u s  mechani ' sms 
i n v o l v e d .  The s t r u c t u r e  o f  OPC h y d r a t e d  u n d e r  v a r i o u s  
w a t e r / c e m e n t  r a t i o s  i s  e x a m i n e d  and  c ompar ed  w i t h  m o r t a r  
s a m p l e s  t a k e n  f ro m b r i c k w o r k  j o i n t s .  '
X - r a y  d i f f r a c t i o n  i s  a me t hod  o f  c h e m i c a l  a n a l y s i s  
w h e r e b y  p a r t i c u l a r  c r y s t a l  s t r u c t u r e s ,  r a t h e r  t h a n  t h e  
c o n s t i t u e n t  e l e m e n t s ,  can  be i d e n t i f i e d .  Any compound 
which  h a s  a r e g u l a r  c r y s t a l  s t r u c t u r e  w i l l  d i f f r a c t  x - r a y s  
i n  a way which  d e p e n d s  on t h e  a r r a n g e m e n t  o f  a t o m s  w i t h i n  
i t s  c r y s t a l  l a t t i c e .  S u b s t a n c e s  wh i ch  a r e  am or p ho u s  i n  
n a t u r e  w i l l  n o t  n o r m a l l y  be d e t e c t a b l e  by t h i s  me thod .
Any p a r t i c u l a r  c r y s t a l l i n e  s u b s t a n c e  w i l l  show a d i f f ­
r a c t i o n  p a t t e r n  whi ch  i s  u n i q u e  a n d  c a n  be i d e n t i f i e d  by 
a m a t c h i n g - u p  p r o c e s s ,  u s i n g  s t a n d a r d  p a t t e r n s .
F i g u r e  12.1  shows a t y p i c a l  x - r a y  d i f f r a c t i o n  o u t ­
p u t  w i t h  most  o f  t h e  p e a k s  i d e n t i f i e d  a s  e i t h e r  q u a r t z  
( s a n d  i n  t h e  m o r t a r )  o r  t h e  h y d r a t i o n  p r o d u c t s ,  wh ich  i n  
t h i s  c a s e  a r e  p o r t l a n d i t e  a n d  c a l c i t e .  P e a k  i n t e n s i t i e s  
a r e  m e a s u r e d  i n  c o u n t s  p e r  s e c o n d  ( c p s )  o r  may be r e p ­
r e s e n t e d  a s  a p e r c e n t a g e  o f  t h e  h i g h e s t  p e a k .
L a t t i c e  s p a c i n g s  may be c a l c u l a t e d  u s i n g  B r a g g ’ s 
Law, 2d s i n  0 = nX, where  X d e p e n d s  on t h e  x - r a y  s o u r c e .
Many o f  t h e  h y d r a t i o n  p r o d u c t s  o f  cemen t  a r e  
c r y s t a l l i n e  i n  f o r m a n d  s t a n d a r d  d i f f r a c t i o n  p a t t e r n s
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C -  c a l c i t e  
P -  p o r t l a n d i t e  
Q -  q u a r t z
70°  6 0 °  50°  U0° 3 0 ° 20°  26
F i g u r e  1 2 . 1 .  T y p i c a l  x - r a y  d i f f r a c t i o n  o u t p u t .
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e x i s t  f o r  them.  A n o t a b l e  e x c e p t i o n  i s  t h e  C-S-H g e l ,  
wh ich  i s  a m or p ho u s .
1 2. 2. OPC P a s t e .
S ampl es  o f  OPC p a s t e  were  h y d r a t e d  a t  w a t e r / c e m e n t  
r a t i o s  o f  0 . 2 , 0 . 3 * 0 . U and 0 . 5  f o r  23 d a y s  b e f o r e  t e s t i n g .  
Each  mix was c a s t  a s  a s m a l l  s l a b  ( 2 5 x 1 00x7mm) f r o m ' w h i c h  
t h e  t e s t  s a m p l e  ( 1 0 x 1 0x7mm) was c u t .  The s l a b s  wer e  
i n d i v i d u a l l y  c u r e d  i n  s e a l e d  p l a s t i c  b a g s  d u r i n g  t h e  
h y d r a t i o n  p e r i o d .  V/hen r emoved f rom  t h e  b a g s ,  t h e  s l a b s  
wer e  s t i l l  m o i s t  a n d  w a t e r  h a d  c o n d e n s e d  on t h e  i n s i d e  o f  
t h e  b a g s ,  s howi ng  t h a t  t h e  c u r i n g  e n v i r o n m e n t  mus t  h a v e  
h a d  a h i g h  l e v e l  o f  h u m i d i t y .
The r e s u l t s  o f  t h e  f o u r  s a m p l e s  a r e  shown i n  f i g u r e
1 2 . 2 ,  f ro m wh ich  i t  can  be c l e a r l y  s e e n  t h a t  o n l y  two 
c o n s t i t u e n t s  a r e  p r e s e n t  i n  c r y s t a l l i n e  f o rm ,  n a m e l y  
a l i t e  ( c a l c i u m  s i l i c a t e )  and p o r t l a n d i t e  ( c a l c i u m  
h y d r o x i d e ) •
An a p p r o x i m a t e  i n t e g r a t i o n  o f  t h e  p e a k  i n t e n s i t i e s  
shows t h a t  t h e  r a t i o s  o f  a l i t e  t o  p o r t l a n d i t e ^  p r e s e n t  a r e  
1 6 : 1 , 2 U : 1 , 1 3s1 and  4 : 1  f o r  t h e  f o u r  s a m p l e s  w i t h  w a t e r /  
c e me n t  r a t i o s  o f  0 . 2 , 0 . 3 * 0 . 1 +  a n d  0 . 5  r e s p e c t i v e l y .
The r e s u l t s  show t h a t  t h e  r e l a t i v e  p r o p o r t i o n s  o f  
t h e  h y d r a t i o n  p r o d u c t s  i n  t h e  c em e n t  p a s t e  a r e  d e p e n d e n t  
upon t h e  w a t e r / c e m e n t  r a t i o .
1 2 . 3 . .  M o r t a r  f rom C o u p l e t s .
S p ec i m e n s  were  p r e p a r e d  wh ic h  c o n s i s t e d  o f  e a c h  o f  
t h e  f o u r  g r a d e s  o f  m o r t a r  i n  c o m b i n a t i o n  w i t h  b o t h  S o u t h ­
w a t e r  e n g i n e e r i n g  a n d  H o l b r o o k  f a c i n g  b r i c k s .  C o u p l e t s  
were  c h o s e n  t h a t  h a d  b een  l a i d  d r y ,  u s i n g  m o r t a r  o f  t h e
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F i g u r e  1 2 . 2 .  C o mp a r i s on  o f  h y d r a t e d  OPC r e s u l t s  w i t h  
s t a n d a r d  p a t t e r n s .
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same c o n s i s t e n c e .  S p e c i m e n s  were  p r e p a r e d  f rom t h e  t o p  
f a i l e d  i n t e r f a c e  f o r  whi ch  t h e  bond s t r e n g t h  was a b o u t  
a v e r a g e  f o r  e a c h  b a t c h .
F i g u r e  1 2 . 3  shows t h e  r e s u l t s  o f  t h e s e  t e s t s  w i t h  t h e  
a p p r o x i m a t e  c o n s t i t u e n t  p r o p o r t i o n s  t a b u l a t e d  f o r  e a c h  o f  
t h e  e i g h t  s a m p l e s .  These  v a l u e s  a r e  o b t a i n e d  by t h e  
s i m p l i f i e d  method o f  summing t h e  p e a k  i n t e n s i t i e s  ( i n  c p s )  
f o r  a l l  t h e  p e a k s  c o r r e s p o n d i n g  t o  t h a t  c o n s t i t u e n t .
P o r t l a n d i t e  was f ou n d  i n  g r e a t e s t  a b u n d a n c e  i n  t h e  
1 : 5 : 3  m o r t a r s ,  b u t  e t t r i n g i t e  was n o t  f o u n d  a t  a l l .  Some 
o f  t h e  p e a k s  r e m a i n e d  u n i d e n t i f i e d ,  m a i n l y  f o r  t h e  m o r t a r s  
f r om  t h e  e n g i n e e r i n g  b r i c k  c o u p l e t s .  The d e v e l o p m e n t  o f  
c a l c i t e  i s  w e l l  a d v a n c e d ,  . p r o b a b l y  b e c a u s e  o f  t h e  s e v e r a l  
mo n th s  which  e l a p s e d  b e t w e e n  t h e  m a n u f a c t u r e  o f  t h e  
c o u p l e t s  an d  t h e  c u t t i n g  o f  s a m p l e s  f o r  x - r a y  d i f f r a c t i o n .
B e c a u s e  o f  t h i s  d e l a y ,  t h e  p r o p o r t i o n s  g i v e n  i n  
f i g u r e  1 2 . 3  can  o n l y  g i v e  a g e n e r a l  i n d i c a t i o n  o f  t h e  
n a t u r e  o f  t h e  c o n s t i t u e n t s ,  d e m o n s t r a t i n g  t h e  p o t e n t i a l  o f  
t h i s  m e t hod  o f  a n a l y s i s .
The r e l a t i v e  i n t e n s i t i e s  o f  t h e  p e a k s  g i v e n  i n  t h e  
s t a n d a r d  p a t t e r n s  c o r r e s p o n d  t o  a random d i s t r i b u t i o n  a n d  
o r i e n t a t i o n  o f  t h e  m i c r o c r y s t a l s .  I f  a n y  t e s t  s a mp l e  
d i s p l a y s  r e l a t i v e  p e a k  i n t e n s i t i e s  which  a r e  d i f f e r e n t  
f ro m t h e  s t a n d a r d ,  i t  c a n  be i m p l i e d  t h a t  t h e r e  i s  a 
p r e f e r e n t i a l  o r i e n t a t i o n  o f  t h e  c r y s t a l s ,  a t  l e a s t  o v e r  
t h e  s m a l l  a r e a  o f  t h e  s a m p l e .
I t  can  be s e e n  i n  f i g u r e  1 2 . 3  t h a t  t h e  m o r t a r  
removed f ro m t h e  f a c i n g  b r i c k  shows a mar ked  d i f f e r e n c e  i n  
p e a k  i n t e n s i t i e s  f rom t h e  s t a n d a r d  f o r  t h e  m a j o r  p e a k s  o f
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Crystal Lattice Spacir\3 (A)
F i g u r e  1 2 . 3 .  C om p ar i so n  o f  b r i c k / m o r t a r  i n t e r f a c e  r e s u l t s  
w i t h  s t a n d a r d  p a t t e r n s .
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q u a r t z *  T h i s  i s  p a r t i c u l a r l y  n o t i c e a b l e  f o r  mix 1 : 1 :6 f o r  
which  t h e  1.817/1 q u a r t z  p e a k  i s  g r e a t e r  t h a n  t h e  3»3k3& 
p e a k ,  b u t  t h e  o p p o s i t e  i s  t r u e  f o r  t h e  i n t e n s i t i e s  o f  t h e  
s t a n d a r d .  These  d i f f e r e n c e s  a r e  much l e s s  mar ked  f o r  t h e  
e n g i n e e r i n g  b r i c k  s a m p l e s .  A p o s s i b l e  b u t  t e n t a t i v e  
e x p l a n a t i o n  o f  t h i s  b e h a v i o u r  i s  t h a t  t h e  p e r f o r a t e d  
f a c i n g  b r i c k s ,  wh ich  a r e  t h e  more p o r o u s  o f  t h e  two,  a l l o w  
a g r e a t e r  d e g r e e  o f  c o n s o l i d a t i o n  o f  t h e  m o r t a r  v/hich 
c o u l d  g i v e  r i s e  t o  a p r e f e r e n t i a l  a l i g n m e n t  o f  t h e  s a n d  
g r a i n s .  Of g r e a t e r  c o n c e r n ,  h o w e v e r ,  would  be a n y  s i m i l a r  
a n o m a l i e s  o c c u r i n g  i n  t h e  p e a k  i n t e n s i t i e s  o f  t h e  h y d r a t ­
i o n  p r o d u c t s .  An a n a l y s i s  f o r  t h e  p e a k s  o f  p o r t l a n d i t e  
f rom t h e  c o u p l e t  s a m p l e s  shows t h a t  t h e  r e l a t i v e  i n t e n ­
s i t i e s  seem t o  mat ch  t h o s e  o f  t h e  s t a n d a r d ,  i n d i c a t i n g  
t h a t  t h e  o r i e n t a t i o n  o f  c r y s t a l s  i s  r andom,  a l t h o u g h  t h e  
low i n t e n s i t i e s  make q u a n t i t a t i v e  a n a l y s i s  i n a c c u r a t e .  
C a l c i t e ,  on t h e  o t h e r  h a n d ,  w i t h  a h i g h e r  i n t e n s i t y  
r e s p o n s e ,  seems t o  be w e a k e r  t h a n  would  be e x p e c t e d  f o r  
t h e  m a j o r  p e a k  a t  3 *035^ ,  f o r  a l l  s p e c i m e n s .
A c c o r d i n g  t o  G r a n d e t  a nd  Thenoz (53)*  t h e r e  a r e
/c a r b o n a t i o n  r e a c t i o n s  t a k i n g  p l a c e  i n  h y d r a t e d  c e m e n t  
v/hich c o n v e r t  p o r t l a n d i t e ,  e t t r i n g i t e  a n d  a mo r p h o u s  C-S-H 
i n t o  c a l c i u m  c a r b o n a t e .  They r e p o r t  t h a t  p o r t l a n d i t e  
r e a c t s  v e r y  s l o w l y  t o  g i v e  c a l c i t e ;  e t t r i n g i t e  r e a c t s  more 
q u i c k l y  t o  g i v e  c a l c i t e  a n d  a r a g o n i t e ;  a nd  t h e  C-S-H g e l  
g i v e s  c a l c i t e  an d  v a t e r i t e .  C a r b o n a t i o n  p r o d u c t s  o t h e r  
t h a n  c a l c i t e ,  h o w e v e r ,  have  n o t  been  i d e n t i f i e d  i n  t h e  
p r e s e n t  a n a l y s i s .
T a y l o r  ,(5U) and  G r a n d e t  ( 55 )  a r e  a g r e e d  on t h e  e a r l y
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d e v e l o p m e n t  o f  e t t r i n g i t e ,  b u t  T a y l o r  d i f f e r s  i n  t h a t  he 
g i v e s  t h e  d e g e n e r a t i o n  p r o d u c t  o f  e t t r i n g i t e  a s  mono­
s u l p h a t e ,  E t t r i n g i t e  h a s  b een  f o u n d  by G r a n d e t  t o  f o rm  
wher e  t h e  w a t e r  c o n t e n t  h a s  been  r e d u c e d .
1 2 . U. C o n c l u s i o n s .
The p r e s e n t  work a n d  t h a t  o f  o t h e r s ,  s u c h  a s  G r a n d e t  
(53>55)> show t h a t  t h e  n a t u r e  o f  t h e  h y d r a t i o n  p r o d u c t s  
a t  t h e  i n t e r f a c e  i s  d e p e n d e n t  upon t h e  mix p r o p o r t i o n s  
and  on t h e  m o i s t u r e  c o n t e n t  a t  t h a t  p o s i t i o n .  The p u r p o s e  
o f  t h i s  a s p e c t  o f  t h e  work can  now be s e e n  i n  r e l a t i o n  t o  
t h e  u n s a t u r a t e d  f l o w  t h e o r y  d i s c u s s e d  i n  s e c t i o n  11.  
R e s u l t s  f r o m a c o m p r e h e n s i v e  s e r i e s  o f  x - r a y  d i f f r a c t i o n  
t e s t s  m i g h t  be u s e d  t o  p r e d i c t  t h e  form o f  t h e  h y d r a t i o n  
p r o d u c t s  a t  a n y  p o i n t  i f  t h e  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  
i s  known a t  t h a t  p o i n t .
13.  A FINAL REVIEW OP BOND AND A HYPOTHESIS.
I n  t h i s  s e c t i o n  t h e  h y p o t h e s i s  r e l a t i n g  t o  t h e  t e n ­
s i l e  s t r e n g t h  o f  a b r i c k w o r k  j o i n t  w i l l  be g i v e n ,  
t o g e t h e r  w i t h  d e t a i l e d  d i s c u s s i o n s  o f  t h e  t h r e e  s t a g e s . o f  
s t r e n g t h  d e v e l o p m e n t .  The h y p o t h e s i s  i s  t h o u g h t  t o  be a 
s t e p  f o r w a r d  i n  t h e  s e n s e  t h a t  c o n c e p t s  a n d  t e c h n i q u e s  
f r o m  s e v e r a l  d i s c i p l i n e s  a r e  drawn upon i n  an  a t t e m p t  t o  
d e s c r i b e  t h e  t e n s i l e  b e h a v i o u r .
1 3 . 1 .  G e n e r a l  H y p o t h e s i s .
The t e n s i l e  s t r e n g t h  o f  b r i c k w o r k  i s  v e r y  d i f f i c u l t  
t o  p r e d i c t  a c c u r a t e l y  b e c a u s e  o f  t h e  c omp lex  n a t u r e  o f  
t h e  m a t e r i a l s  and  p h y s i c a l  p r o c e s s e s  i n v o l v e d  and  t h e  ways  
i n  which  t h e y  i n t e r a c t .  The f o l l o w i n g  h y p o t h e s i s  i s  an  
a t t e m p t  t o  d e s c r i b e  t h e  e v e n t s  t h a t  t a k e  p l a c e  when b r i c k s  
a n d  m o r t a r  a r e  b r o u g h t  t o g e t h e r .
When m o r t a r  i s  mixed ,  one o f  t h e  f i r s t  r e a c t i o n s  t o  
t a k e  p l a c e  i s  t h a t  s u l p h a t e  i o n s  f rom t h e  gypsum i n  t h e  
c em en t  p a s s  i n t o  s o l u t i o n .  The se  i o n s  a t t a c h  t h e m s e l v e s  
t o  g r a i n s  o f  t r i c a l c i u m  a l u m i n a t e  an d  f o r m a r o u n d  them a 
f i l m  o f  e t t r i n g i t e  ( 5 6 ) .  I f  a bed o f  m o r t a r  i s  p l a c e d  on 
a b r i c k  t h e r e  w i l l  be an i m m e d i a t e  movement  o f  w a t e r  f r o m  
t h e  m o r t a r  i n t o  t h e  b r i c k  due t o  t h e  s u c t i o n  o f  t h e  
b r i c k .  The w a t e r  wh i ch  i s  a b s o r b e d  i n t o  t h e  b r i c k  may 
t a k e  w i t h  i t  f i n e  s o l i d  p a r t i c l e s  a s  w e l l  a s  d i s s o l v e d  
i o n s .
As s u c t i o n  p r o c e e d s ,  u n s a t u r a t e d  f l o w  t h e o r y
p r e d i c t s  t h a t  t h e r e  w i l l  be a m o i s t u r e  g r a d i e n t  i n  b o t h
t h e  m o r t a r  a n d  t h e  b r i c k .  I f  a b r i c k  i s  now p l a c e d  on\
t h e  m o r t a r  b ed  a n d  e i t h e r  p r e s s e d  o r  t a p p e d  down,  t h e
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m o r t a r  w i l l  be s u b j e c t e d  t o  a c o m p r e s s i v e  s t r e s s .  Con­
s o l i d a t i o n  o f  t h e  m o r t a r  w i l l  t a k e  p l a c e  c a u s i n g  an 
o v e r a l l  volume r e d u c t i o n  and  a c ha ng e  i n  m o i s t u r e  c o n t e n t .
S u b s e q u e n t l y ,  when t h e  a p p l i c a t i o n  o f  s t r e s s  h a s  
c e a s e d ,  t h e r e  w i l l  be a c o n t i n u a t i o n  o f  w a t e r  movement  due 
t o  s u c t i o n ,  b u t  now t r a n s f e r  w i l l  t a k e  p l a c e  upwar ds  a s  
w e l l  a s  downwards .  I n  t h e  a b s e n c e  o f  any  f u r t h e r  d i s t u r ­
b a n c e ,  t h i s  p r o c e s s  w i l l  c o n t i n u e  a t  an  e v e r  d e c r e a s i n g  
r a t e  a s  h y d r a u l i c  e q u i l i b r i u m  i s  r e a c h e d  a n d  t h e  
h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  m o r t a r  r e d u c e s  due t o  
h y d r a t i o n .  E a r l y  r e a c t i o n s  wh i ch  w i l l  r e d u c e  t h e  c o n d u c ­
t i v i t y  a r e  t h e  f o r m a t i o n  o f  a n  e t t r i n g i t e  n e t w o r k ,  
p a r t i c u l a r l y  where  t h e  w a t e r / c e m e n t  r a t i o  i s  low ( 5 7 > 5 8 ) ,  
a n d  t h e  g r o wt h  o f  a h y d r a t e d  l a y e r  a r o u n d  t h e  C-^S g r a i n s ,  
a l t h o u g h  T a y l o r  ( 5 3 )  e x p r e s s e s  d o u b t s  t h a t  s u c h  a l a y e r  
f o r m s .
Thus t h e  p r o c e s s e s  o f  a b s o r p t i o n  a nd  c o n s o l i d a t i o n  
w i l l  c o n t r o l  t h e  d i s t r i b u t i o n  o f  t h e  v a r i o u s  c o n s t i t u e n t s  
w i t h i n  t h e  m o r t a r ,  w i t h  t h e  r e s u l t  t h a t  a t  a n y  p o i n t  w i t h ­
i n  t h e  j o i n t  t h e r e  w i l l  e x i s t  a s e t  o f  c o n s t i t u e n t s  
g i v i n g  a p a r t i c u l a r  t e n s i l e  s t r e n g t h  a t  t h a t  p o i n t .  N o t  
o n l y  w i l l  t h e r e  be a d i s t r i b u t i o n  o f  c o n s t i t u e n t s ,  b u t  
a l s o  a d i s t r i b u t i o n  o f  t e n s i l e  s t r e n g t h  w i t h  f a i l u r e  
o c c u r i n g  a t  t h e  w e a k e s t  p o i n t .  E x p e r i e n c e  shows t h a t  t h i s  
w e a k e s t  p o i n t  i s  u s u a l l y  v e r y  c l o s e  t o  t h e  b r i c k / m o r t a r  
i n t e r f a c e .
1 3 . 2 .  M o i s t u r e  Movement . ,
T h e r e  a r e  two m e a s u r e d  p a r a m e t e r s  o f  t h e  m a t e r i a l s  
wh i ch  a r e  i n  p r e s e n t  u se  t o  d e s c r i b e  t h i s  b e h a v i o u r ,
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n a m e l y  t h e  s u c t i o n  r a t e  o f  t h e  b r i c k  an d  t h e  r e t e n t i v i t y  
o f  t h e  m o r t a r .  However ,  t h e s e  p r o p e r t i e s  a r e  an  o v e r ­
s i m p l i f i c a t i o n  o f  t h e  s i t u a t i o n  a nd  t h e i r  l i m i t a t i o n s  
s h o u l d  be n o t e d .
The s u c t i o n  r a t e  i s  d e f i n e d  a s  t h e  mass  o f  w a t e r  
a b s o r b e d  v e r t i c a l l y  t h r o u g h  u n i t  a r e a  o f  t h e  bed  f a c e  o f  
a b r i c k  i n  one m i n u t e .  However ,  even  i f  t h e  s u c t i o n  r a t e  
i s  a v a l i d  p a r a m e t e r ,  t h e r e  a r e  d i f f i c u l t i e s  w i t h  i t s  
m e a s u r e m e n t .  I t  h a s  b een  f o u n d  t o  v a r y  a t  d i f f e r e n t  
p o i n t s  on t h e  bed  f a c e ,  p o s s i b l y  i n c r e a s i n g  t o w a r d s  t h e  
e d g e  o f  t h e  b r i c k  ( 3 3 , ^ 1 , 5 9 ) ,  a l t h o u g h  i n  some c a s e s  t h i s  
c a n  be a t t r i b u t e d  t o  t h e  h i g h  c a p i l l a r y  a c t i o n  c a u s e d  by 
a r o u g h  t e x t u r e d  s t r e t c h e r  f a c e  ( 2 1 , 6 0 ) .  West  (i+1) h a s  
c a l c u l a t e d  t h e  e f f e c t  o f  t h e  m e n i s c u s  on t h e  s u c t i o n  r a t e  
f o r  s o l i d  an d  p e r f o r a t e d  b r i c k s  an d  c o n c l u d e d  t h a t  t h e  
e r r o r  i n  t h e  c a l c u l a t i o n  o f  t h e  c o n t a c t  a r e a  i s  i n c r e a s e d  
s u b s t a n t i a l l y  f o r  a 23 p e r f o r a t i o n  b r i c k  i f  t h e  n e t  a r e a  
i s  u s e d  i n s t e a d  o f  t h e  g r o s s  a r e a .  I n  f a c t  t h e  u se  o f  t h e  
n e t  a r e a  w i l l  u n d e r e s t i m a t e  t h e  c o n t a c t  a r e a  by a b o u t  
wh i ch  i s  a l m o s t  f i v e  t i m e s  t h e  e r r o r  i n  u s i n g  t h e  g r o s s  
a r e a .
C l e a r l y  t h e n ,  t h e r e  a r e  p r a c t i c a l  p r o b l e m s  w i t h  t h e  
s u c t i o n  r a t e  t e s t ,  b u t  t h e y  can  be a l l o w e d  f o r  w i t h o u t  t o o  
much d i f f i c u l t y .  U n f o r t u n a t e l y  t h e r e  a r e  more f u n d a m e n t a l  
p r o b l e m s  which a r e  n o t  so e a s i l y  d e a l t  w i t h .
I t  i s  known t h a t  c a l c i u m  s i l i c a t e  b r i c k s  h a v e  a 
m o d e r a t e  s u c t i o n  r a t e ,  b u t  w i l l  c o n t i n u e  t o  a b s o r b  w a t e r  
f o r  a l o n g e r  p e r i o d  t h a n  c l a y  b r i c k s ,  which  may h a v e  a 
h i g h e r  s u c t i o n  r a t e .  D i f f e r e n t  t y p e s  o f  b r i c k  h a ve
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d i f f e r e n t  p a t t e r n s  o f  b e h a v i o u r  and  i t  i s  t h e  r e l a t i o n s h i p  
b e t w e e n  w a t e r  a b s o r b e d  a n d  t i m e  t h a t  i s  i m p o r t a n t ,  r a t h e r  
t h a n  t h e  one m i n u t e  s u c t i o n  r a t e ,  which  i s  j u s t  a s i n g l e  
v a l u e  f ro m t h i s  r e l a t i o n s h i p  (45)*  F u r t h e r m o r e ,  t h e r e  a r e  
d i f f i c u l t i e s  i n  a p p l y i n g  a v a l u e  o f  s u c t i o n  r a t e  d e t e r -  
mi ned  f rom f r e e  w a t e r  a b s o r p t i o n ,  t o  a s i t u a t i o n  i n  which  
w a t e r  i s  b e i n g  drawn f ro m a complex  p o r o u s  medium s uc h  a s  
m o r t a r  ( 1 9 , 6 1 ) .  I t  i s  p o s s i b l e  t h a t  t h e  m o r t a r  i s  
i n i t i a l l y  s a t u r a t e d  and  t h e r e  w i l l  be f r e e  w a t e r  a v a i l a b l e ,  
b u t  a f t e r  a t i m e  t h e  c a p i l l a r y  p o t e n t i a l  o f  t h e  m o r t a r  
b e g i n s  t o  r e s i s t  d e w a t e r i n g  a n d  t h e  b e h a v i o u r  w i l l  be 
q u i t e  d i f f e r e n t  f r o m  f r e e  w a t e r  a b s o r p t i o n .  G r a n d e t  a n d  
Thenoz ( 6 1 ) s u g g e s t  t h a t  t h e  s p e c i f i c  s u r f a c e  o f  t h e  d r y  
m o r t a r  c o n s t i t u e n t s  i s  a u s e f u l  p a r a m e t e r  a t  t h i s  s t a g e .
I n  o r d e r  t o  e x p l a i n  t h e  w a t e r  a b s o r p t i o n  b e h a v i o u r ,  
t h e o r i e s  o f  c a p i l l a r y  a b s o r p t i o n  a r e  u s u a l l y  d e v e l o p e d  
wh i ch  r e l y  on t h e  c o n c e p t  o f  p o r e - s i z e  d i s t r i b u t i o n .  These  
t h e o r i e s  a r e  a l m o s t  a l w a y s  b a s e d  on a s i m p l e  c y l i n d r i c a l  
p o r e  mode l ,  w h e r e a s  t h e  t r u e  s i t u a t i o n  i s  v e r y  much more 
c o m p l i c a t e d .  P a n d e y  a n d  S i n g h a l  ( 62 )  r e c o g n i s e d  t h e  
d i f f i c u l t i e s  c a u s e d  by l a r g e  d i s c o n t i n u o u s  p o r e s  h a v i n g  a 
s m a l l  e n t r y  d i a m e t e r .  The b e h a v i o u r  o f  t h e s e  p o r e s  i s  
known a s  t h e  " i n k - b o t t l e "  e f f e c t  a n d  f o rms  one o f  t h e  main  
a r g u m e n t s  a g a i n s t  t h e  c y l i n d r i c a l  p o r e  model .  P a n d e y  a n d  
S i n g h a l  c o n c l u d e d  t h a t  t h e r e  i s  no d i r e c t  way o f  knowi ng  
t h e  r e a l  p o r e - s i z e  d i s t r i b u t i o n  and  t h a t  t h e  c a p i l l a r y  
p r e s s u r e  i s  i n f l u e n c e d  by t h e  s i z e  an d  s hape  o f  i n d i v i d u a l  
p o r e s  and by t h e  i n t e r c o n n e c t i v i t y  o f  t h e  o v e r a l l  p o r e  
s y s t e m .  The p r o b l e m  h a d  been  t a c k l e d  e a r l i e r  by A s t b u r y
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( 6 3 ) who d e v e l o p e d  a n o n - u n i f o r m  p o r e  h y p o t h e s i s  b a s e d  on 
t h e  f o l l o w i n g  a s s u m p t i o n s :
( i )  p o r e s  a r e  s t r a i g h t  a n d  a l i g n e d  i n  t h e  d i r e c t i o n  o f  
f l o w ,
( i i )  p o r e s  a r e  c i r c u l a r  i n  c r o s s - s e c t i o n ,
( i i i )  p o r e  r a d i u s  v a r i e s  r a n d o m l y  a l o n g  i t s  l e n g t h ,
( i v )  t h i s  r a n d o m n e s s  i s  t h e  same a l l  a l o n g  a p o r e  a n d  f o r
a l l  p o r e s ,
( v )  t h e  i n n e r  s u r f a c e  s h o u l d  be w e t t e d  a t  a l l  t i m e s ,
( v i )  P o i s e u i l l e  f l o w  i s  m a i n t a i n e d .
H i s  t h e o r y  g i v e s  c o r r e c t i o n  f a c t o r s  f o r  t h e  s i m p l e  
c y l i n d r i c a l  p o r e  t h e o r y  which  seem t o  o f f e r  a d e f i n i t e  
i m p ro v em en t  (61;, 6 5 ) .
More r e c e n t l y ,  v an  B r a k e l  ( 66 )  h a s  e x a mi n e d  many 
d i f f e r e n t  t h e o r i e s  o f  w a t e r  a b s o r p t i o n  and  many f o r m s  o f  
c a p i l l a r y .  He c h a l l e n g e d  t h e  t e r m s  ”p o r e ” and  " p o r e - s i z e  
d i s t r i b u t i o n ’' on t h e  g r o u n d s  t h a t  i n  a r e a l  m a t e r i a l  t h e y
do n o t  e x i s t .  He d e f i n e d  a p o r o u s  medium a s  "a s o l i d
p h a s e  d i s p e r s e d  w i t h  a n o n - s o l i d  p h a s e  b e t w e e n . ” T h i s  n o n ­
s o l i d  p h a s e  i s  t h e  c o n t i n u o u s  p o r e - s p a c e ,  whi ch  d o e s  n o t  
c o n s i s t  o f  i n t e r c o n n e c t e d  p o r e s  b e c a u s e  a p o r e  h a s ,  by 
d e f i n i t i o n ,  a c e r t a i n  l e n g t h  a n d  r e c o g n i s a b l e  w a l l s .
F o r  w a t e r  movement  t h r o u g h  m o r t a r ,  t h e  p r o b l e m  i s  
e v e n  more a c u t e .  Here  t h e  c o n c e p t  o f  s e p e r a t e  p o r e s ,  o r  
e ve n  an a v e r a g e  p o r e  s i z e ,  a p p e a r s  e r r o n e o u s .  I n  f a c t  
t h e r e  i s  o n l y  one m e n i s c u s ,  t h e  r a d i u s  o f  which  c h a n g e s  
f ro m p o i n t  t o  p o i n t  ( 6 6 ) .
J a n s s o n  ( 6 7 ) ,  a d e c a d e  p r e v i o u s l y ,  p o i n t e d  o u t  t h a t  
a r e a l  m a t e r i a l  c o n s i s t s  o f  e i t h e r  a b a s i c  mass  o f  s o l i d
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m a t e r i a l  w i t h  c o n n e c t e d  o r  c l o s e d  a i r  c e l l s ,  o r  s o l i d  
p a r t i c l e s  i n  t h e  f o r m o f  g r a i n s  which  a r e  more o r  l e s s  i n  
c o n t a c t  w i t h  e a c h  o t h e r .  He as sumed  t h a t  d u r i n g  w a t e r  
a b s o r p t i o n  t h e  m o i s t u r e  c o n t e n t  b e h i n d  t h e  w e t t i n g  f r o n t  
was u n i f o r m  and  c o n s t a n t , ,  an  a s s u m p t i o n  whi ch  he  seemed 
t o  c o n f i r m  e x p e r i m e n t a l l y .
F i g u r e  13*1 shows a t y p i c a l  b r i c k  s u r f a c e  m a g n i f i e d  
970 t i m e s ,  whi ch  i l l u s t r a t e s  t h e  e x t e n t  t o  which  a r e a l  
b r i c k  d i f f e r s  f rom  a t h e o r e t i c a l  c y l i n d r i c a l - p o r e  mode l .
A r e c e n t  a p p r o a c h  ( i+6,65)  h a s  b e e n  t h e  u se  o f  
u n s a t u r a t e d  f l o w  t h e o r y  d e v e l o p e d  i n  s o i l  p h y s i c s .  T h i s  i s  
e s s e n t i a l l y  a m a c r o s c a l e  a n a l y s i s ,  wh ich  d e s c r i b e s  w a t e r  
f l o w  i n  r e l a t i o n  t o  p o t e n t i a l s  which  can  be d e f i n e d  a n d  
m e a s u r e d  w i t h o u t  r e f e r e n c e  t o  m i c r o s t r u c t u r e .  The p u r p o s e s  
o f  u n s a t u r a t e d  f l o w  t h e o r y  a r e  t o  r e l a t e  t h e  w a t e r  
a b s o r p t i o n  b e h a v i o u r  t o  t h e  w e l l - d e f i n e d  h y d r a u l i c  
p r o p e r t i e s  o f  t h e  m a t e r i a l  a n d  t o  d e t e r m i n e  t h e  m o i s t u r e  
c o n t e n t  a s  a f u n c t i o n  o f  p o s i t i o n  a n d  t i m e  a s  d e s c r i b e d  
i n  s e c t i o n  11.
U s i n g  u n s a t u r a t e d  f l o w  t h e o r y  i t . c a n  be shown ( 6 S) 
t h a t  f o r  h o r i z o n t a l  i n f i l t r a t i o n  t h e  t o t a l  a mount  o f  w a t e r  
a b s o r b e d  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  t i m e .  
The c o n s t a n t  o f  p r o p o r t i o n a l i t y  i s  known a s  t h e  s o r p t i v i t y  
a n d  h a s  u n i t s  o f  k g / m ^ s s .  F o r  v e r t i c a l  i n f i l t r a t i o n  t h e  
e f f e c t  o f  g r a v i t y  c o m p l i c a t e s  t h e  a n a l y s i s  b u t  G-ummerson, 
H a l l  an d  H o f f  h a ve  shown ( 4 5 , 6 8 )  t h a t  g r a v i t y  d o e s  n o t  
seem t o  h av e  a s i g n i f i c a n t  e f f e c t  on t h e  e x p e r i m e n t a l  
w a t e r  a b s o r p t i o n  by a c l a y  b r i c k .
T e s t  r e s u l t s  whi ch  c o n f i r m  t h e  s o r p t i v i t y  r e l a t i o n -
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F i g u r e  13* 1 • F l e t t o n  b r i c k  s u r f a c e  u s i n g  3EM ( 9 7 0 x ) .
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s h i p  a r e  g i v e n  by P a l m e r  a n d  P a r s o n s  ( 1 ) on s i x  d i f f e r e n t
m a t e r i a l s .  They a s s u m e d ,  h o w e v e r ,  t h a t  t h e  a b s o r p t i o n
jl ’■ jlr e l a t i o n s h i p  was i = s t ^ .  i n s t e a d  o f  t h e  t h e o r e t i c a l  i = s t 2 ,
b u t  a n a l y s i s  o f  t h e  d a t a  p r e s e n t e d  by t h e s e  w o r k e r s  on 
p a g e  629  o f  t h e i r  p a p e r  shows t h a t  t h e  a c t u a l  b e h a v i o u r  
f a l l s  b e t w e e n  t h e s e  two a s s u m p t i o n s  w i t h  a mean o f  
a p p r o x i m a t e l y  0.1+ f o r  t h e  e x p o n e n t  o f  t .
S e c t i o n  11 d e s c r i b e s  a t e c h n i q u e  f o r  t h e  d e t e r m i n ­
a t i o n  o f  t h e  m o i s t u r e  c h a r a c t e r i s t i c s  o f  f r e s h  m o r t a r ,  
wh i ch  h a s  b een  u s e d  s u c c e s s f u l l y  t o  "show t h e  q u a l i t a t i v e  
d i f f e r e n c e  i n  b e h a v i o u r  b e t w e e n  m o r t a r  g r a d e s .  T h i s  me thod  
a l l o w s  t h e  p r o p e r t y  o f  w a t e r  r e t e n t i v i t y  t o  be r e l a t e d  t o  
t h e  c o p c e p t s  o f  u n s a t u r a t e d  f l o w  t h e o r y .
R e c e n t  t e c h n i q u e s  h a ve  i n t r o d u c e d  t h e  p o s s i b i l i t y  o f  
t h e  d i r e c t  m e a s u r e m e n t  o f  t h e  m o i s t u r e  c o n t e n t .  N u c l e a r  
m a g n e t i c  r e s o n a n c e  h a s  b een  e mp l o y e d  i n  o t h e r  f i e l d s ,  
p a r t i c u l a r l y  m e d i c i n e  ( 6 9 ) ,  f o r  some t i m e ,  b u t  i t s  u s e  i n  
t h e  m o i s t u r e  me as u r e m e n t  o f  b u i l d i n g  m a t e r i a l s  i s  r e c e n t  
( 7 0 ) .  O t h e r  m e t h o d s  i n  e x i s t e n c e  wh i ch  m i g h t  p r o v e  u s e f u l  
f o r  t h i s  p r o b l e m  a r e  x - r a y  a b s o r p t i o n  a n a l y s i s  ( 5 0 )  a n d  
gamma r a y  a t t e n u a t i o n  ( 5 1 ) •  These  t e c h n i q u e s  would  be 
u s e d  t o  m e a s u r e  the .  m o i s t u r e  c o n t e n t  g r a d i e n t  t h a t  
u n s a t u r a t e d  f l o w  t h e o r y  p r e d i c t s  w i l l  o c c u r  w i t h i n  t h e  
m a t e r i a l .  A l t h o u g h  J a n s s o n  h a s  s t a t e d  o t h e r w i s e  ( 6 7 ) ,  
t h e r e ,  i s  good  e v i d e n c e  t h a t  s u c h  a g r a d i e n t  e x i s t s  (33*59)* 
A c c o r d i n g  t o  H a l l  (^-6) t h e  a s s u m p t i o n  o f  D a r c i a n  
b e h a v i o u r ,  on w h i ch  u n s a t u r a t e d  f l o w  t h e o r y  i s  b a s e d ,  may 
n o t  a l w a y s  be v a l i d  b e c a u s e  o f  t h e  p r e s e n c e  o f  s o l u t e s  a n d  
s m a l l ,  m o b i l e  p a r t i c l e s .  Th ese  o b j e c t i o n s  wou l d  seem t o
102
be p a r t i c u l a r l y  r e l e v e n t  t o  t h e  s i t u a t i o n  i n  which  w a t e r  
i s  b e i n g  a b s o r b e d  f rom m o r t a r ,  a l t h o u g h  t h e  m a g n i t u d e  o f  
t h e i r  e f f e c t  i s  n o t  known.
An a p p r o x i m a t e  a s s e s s m e n t  o f  t h e  l i k e l i h o o d  o f  
p a r t i c l e  t r a n s p o r t  c a n  be o b t a i n e d  by t h e  method g i v e n  by 
C e d e r g r e n  ( 7 1 ) .  He g i v e s  two c o n d i t i o n s  whi ch  d e t e r m i n e  
w h e t h e r  m i g r a t i o n  o f  f i n e  p a r t i c l e s  t a k e s  p l a c e  t h r o u g h  a 
m a t r i x  o f  l a r g e r  s i z e  m a t e r i a l .  A p p l i e d  t o  m o r t a r  t h e s e  
c o n d i t i o n s  a r e
^ ( s a n d )   >5 a n d  > ( s a n a )    >25
c e m e n t i t i o u s )  ^ 5 0  ^cemen‘t i t ' i o u s )
w h e r e ,  f o r  e x a m p l e ,  i s  t h e  d i a m e t e r  be low whi ch  15%
o f  t h e  m a t e r i a l  f a l l s .
The f o l l o w i n g  p a r t i c l e  d i a m e t e r s  h av e  be en  i n t e r ­
p o l a t e d  f ro m t h e  g r a d i n g  c u r v e s  o f  cement  a n d  l i m e  
( o b t a i n e d  f r o m  t h e  m a n u f a c t u r e r s )  a n d  o f  t h e  r e g r a d e d  
A u c k l e y  s a n d  us ed  i n  t h e  e x p e r i m e n t a l  p rogramme.
Ma t e r i a l 13
(mm)
D50
(mm)
°85
(mm.)
Sand. F 
N 1C 
2C 
3C 
ko 50
Cement
Lime
0 . 1 0 2  
0 . 1 1 3
0 . 1 3 3O. 1 6 50 . 1 9 0
0 . 1 5 90 . 2 2 0
0 . 1 8 3  0 . 2 2 3  
0 . 2 3 8  
0 . 2U8  
0 . 2 7 2  
0 . 2 8 0  
O.J42O 
0 . 0 1 5  0 . 0 1 6 0 . 0 3 50 . 0 3 9
T a b l e  13* 1 • P a r t i c l e  s i z e  d a t a  f o r  C e d e r g r e n ’ s m e t ho d  (71 ).
From the  data o f  t a b l e  13*1 th e  c o n d i t i o n s  f o r  m i g r a t i o n
can be e v a l u a t e d .
1 03
s ) / D 8 3 ( c ) D5 0 ( s ) / D 5 0 ( c )
Sand Cement Lime Cement Lime
P 2 . 9 2 . 6 1 2 . 2 1 1 . 4N 3 . 2 2 . 9 1 4 . 9 1 3 . 91C 3 . 9 3 . 5 1 5 . 9 1 4 . 92C k . 7 4 . 2 1 6 . 5 1 5 . 53C 5 . 4 * 4 . 9 1 S. 1 1 7 . 0ko 4 . 5 4 .1 1 8 . 7 1 7 . 55C 6 . 3x 5 . 6x 25. Ox 2 6 . 2x
T a b l e  13*2.  C o n d i t i o n s  f o r  m i g r a t i o n  u s i n g  C e d e r g r e n f s 
me t h od  ( x  s a t i s f i e d ) .
Prom t a b l e  13*2 i t  c an  be c o n c l u d e d  t h a t  t h i s  m e t hod  
o f  e v a l u a t i o n  p r e d i c t s  t h a t  t h e r e  w i l l  be m i g r a t i o n  o f  
ce me nt  a n d  l i m e  t o w a r d s  t h e  b r i c k  i n  t h e  c a s e  o f  s a n d  5C 
( t h e  r e s u l t  f o r  s a n d  30 i s  i n c o n c l u s i v e ) .
1 3 . 3 .  H y d r a t i o n  a n d  C a r b o n a t i o n  R e a c t i o n s .
H av i ng  e s t a b l i s h e d  i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t h e  
m e c h a n i c a l  f o r c e s  o f  a b s o r p t i o n  a n d  c o n s o l i d a t i o n  w i l l  
g i v e  r i s e  t o  d i s t r i b u t i o n s  o f  t h e  c o n s t i t u e n t s  w i t h i n  t h e  
m o r t a r  j o i n t ,  t h e  v a r i o u s  h y d r a t i o n  a n d  c a r b o n a t i o n  
r e a c t i o n s  w i l l  now be d i s c u s s e d .
The e a r l i e s t  r e a c t i o n s  w i l l  be t h e  f o r m a t i o n  o f  an  
e t t r i n g i t e  n e t w o r k  a n d  t h e  g r o w t h  o f  a h y d r a t e d  l a y e r  
a r o u n d  t h e  C3 -S g r a i n s .  C r y s t a l l i s a t i o n  o f  c a l c i u m  
h y d r o x i d e  a s  p o r t l a n d i t e  b e g i n s  a f t e r  a b o u t  a n  h o u r  a n d  
seems  t o  o c c u r  i n  p l a c e s  where  t h e r e  i s  a h i g h  c o n c e n ­
t r a t i o n  o f  c a l c i u m  i o n s  a n d  a h i g h  r e s i d u a l  w a t e r  c o n t e n t
( 5 5 ) .
T he r e  i s  p h y s i c a l  e v i d e n c e  t h a t  t h e  h y d r a t i o n  
p r o d u c t s  a r e  n o t  d i s t r i b u t e d  u n i f o r m l y  t h r o u g h o u t  t h e  
m o r t a r  ( 5 5 * 5 6 ) .  E t t r i n g i t e  h a s  been  f ou n d  t o  o c c u r  a t  t h e
104
b r i c k - m o r t a r  i n t e r f a c e  i n  c a s e s  where  s u c t i o n  h a s  t a k e n  
p l a c e ,  b u t  i f  m o r t a r  i s  b on d ed  t o  g l a s s  p l a t e s ,  t h e  
d i s t r i b u t i o n  o f  p o r t l a n d i t e  and  e t t r i n g i t e  w i l l  be u n i f o r m  
t h r o u g h o u t  t h e  m o r t a r .  As  l o n g  ago  a s  19^0 ,  S t a l e y  ( 72 )  
s t a t e d  t h a t  l i m e  p a r t i c l e s  a r e  c a r r i e d  i n  s u s p e n s i o n  a n d  
s o l u t i o n  t o  t h e  b r i c k ,  i n c r e a s i n g  t h e  s t r e n g t h  a n d  e x t e n t  
o f  bond  a f t e r  c a r b o n a t i o n  h a s  t a k e n  p l a c e .  H i s  f i n d i n g s  
were  b a s e d  on e x a m i n a t i o n s  o f  t h e  b r i c k - m o r t a r  i n t e r f a c e  
o f  many e x i s t i n g  w a l l s .
C a r b o n a t i o n  r e a c t i o n s  t a k e  p l a c e  s l o w l y  o v e r  many 
y e a r s  a n d  r e s u l t  i n  a g r a d u a l  s o l i d i f i c a t i o n  a n d  s t r e n g t h ­
e n i n g  o f  t h e  m o r t a r  m a t r i x .  Most  o f  t h e  h y d r a t i o n  p r o d u c t s  
o f  ce me nt  a p p e a r  t o  be s u b j e c t  t o  c a r b o n a t i o n .  The r e a c t ­
i o n s ,  g i v e n  i n  s e c t i o n  1 2 . 3> were  r e p o r t e d  by G r a n d e t  a n d  
Thenoz  (53)*  A b y - p r o d u c t  o f  mos t  o f  t h e  c a r b o n a t i o n  
r e a c t i o n s  i s  w a t e r ,  wh ich  w i l l  g i v e  r i s e  t o  s e c o n d a r y  
h y d r a t i o n .  Gypsum a n d  a l u m i n i u m  h y d r o x i d e ,  f o r m e d  d u r i n g  
t h e  c a r b o n a t i o n  o f  e t t r i n g i t e ,  may a l s o  combi ne  w i t h  
p o r t l a n d i t e  t o  f o rm  more e t t r i n g i t e  (33)*
The e x p e r i m e n t a l  t e c h n i q u e s  d e s c r i b e d  i n  s e c t i o n  12 
show t h a t  i t  i s  p o s s i b l e  t o  d e t e r m i n e  t h e  h y d r a t i o n  
p r o d u c t s  p r e s e n t  on a n y  s u r f a c e  c u t  f rom a m o r t a r  j o i n t .  
Such a t e c h n i q u e  may p r o v i d e  t h e  l i n k  b e t w e e n  t h e  a n a l y s i s  
o f  m o i s t u r e  movement  a n d  t h e  p r e d i c t i o n  o f  t e n s i l e  
s t r e n g t h .
15.U.  N a t u r e  o f  T e n s i l e  Bond.
As  p a r t  o f  t h e  w o r k i n g  h y p o t h e s i s  i t  i s  n e c e s s a r y  t o  
ex a mi n e  t h e  n a t u r e  o f  t h e  t e n s i l e  f a i l u r e  o f  a b r i c k w o r k  
j o i n t .  The t e n s i l e  s t r e n g t h  i s  u s u a l l y  r e f e r r e d  t o  a s  t h e
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bond s t r e n g t h ,  b u t  f o r  some m o r t a r s ,  p a r t i c u l a r l y  t h o s e  
w i t h  a h i g h  l i m e  c o n t e n t ,  f a i l u r e  o c c u r s  i n  t h e  body o f  
t h e  m o r t a r  r a t h e r  t h a n  a t  t h e  i n t e r f a c e .  I t  i s  d o u b t f u l  
w h e t h e r  t h e  t e r m  "bond s t r e n g t h "  i s  s t r i c t l y  a p p l i c a b l e  
t o  t h i s  s i t u a t i o n .  I n d e e d ,  c a r e f u l  e x a m i n a t i o n  o f  t h e  
s u r f a c e  o f  a br ick ;  t a k e n  f rom a n y  f a i l e d  t e n s i l e  c o u p l e t  
w i l l  r e v e a l  a t h i n  l a y e r  o f  m o r t a r  c o a t i n g  t h e  b r i c k .  T h i s  
s u g g e s t s  t h a t  f a i l u r e  o c c u r s  a l w a y s  i n  t h e  body o f  t h e  
m o r t a r ,  a l b e i t  v e r y  c l o s e  t o  t h e  b r i c k ,  r a t h e r  t h a n  a t  t h e  
i n t e r f a c e .  T h i s  c o n c e p t  i s  s u p p o r t e d  by B i ke r man  (73)> who 
s u g g e s t s  t h a t  f a i l u r e  e x a c t l y  a l o n g  su ch  an  i n t e r f a c e  i s  
v i r t u a l l y  i m p o s s i b l e .
B e c a u s e  o f  t h e  n a t u r e  o f  t h e  f a i l u r e  mode i t  seems 
n a t u r a l  t o  a s sume t h a t  a c r o s s  a m o r t a r  j o i n t  t h e r e  w i l l  be 
a v a r i a t i o n  i n  t e n s i l e  s t r e n g t h ,  w i t h  f a i l u r e  o c c u r i n g  a t  
t h e  w e a k e s t  p o i n t .  (More s p e c i f i c a l l y ,  f a i l u r e  w i l l  be 
i n i t i a t e d  a t  t h e  p o i n t  where  t h e  t e n s i l e  s t r e s s  f i r s t  
e x c e e d s  t h e  t e n s i l e  s t r e n g t h ,  wh i ch  w i l l  be t h e  w e a k e s t  
p o i n t  i n  an  i d e a l i s e d  s i t u a t i o n  w i t h  u n i f o r m  s t r e s s . )  
W a t e r s  ( 2 3 )  a l s o  s u g g e s t s  t h e  e x i s t e n c e  o f  a s t r e n g t h  
d i s t r i b u t i o n  a n d  e x p e r i m e n t a l  c o n f i r m a t i o n  comes f r o m  Lea  
( 3 7 )  who r e p o r t s  t h a t  t h e  m i c r o h a r d n e s s  t e s t i n g  a c r o s s  a 
c e m e n t - a g g r e g a t e  i n t e r f a c e  r e v e a l s  a h a r d  l a y e r  o f  t h i c k ­
n e s s  20 - 30 /im a d j a c e n t  t o  t h e  a g g r e g a t e ,  f o l l o w e d  by a 
w e a k e r  l a y e r ,  b e f o r e  p a s s i n g  i n t o  t h e  s t i l l  h a r d e r  r e g i o n s  
w i t h i n  t h e  main  body o f  t h e  c e me n t .  I f  t h i s  i s  a l s o  t h e  
c a s e  a t  t h e  b r i c k - m o r t a r  i n t e r f a c e ,  t h e n  s u c h  a l a y e r  
woul d  p r o b a b l y  be r e g a r d e d  a s  a s u r f a c e  s t a i n  and t h e  
f r a c t u r e  c a t e g o r i s e d  a s  an  i n t e r f a c i a l  bond f a i l u r e .
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B e a r i n g  t h e s e  r e m a r k s  i n  min d ,  t h e  h y p o t h e s i s  i s  
l a r g e l y  c o n c e r n e d  w i t h  t h e  d e t e r m i n a t i o n  o f  t h e  r e l a t i o n ­
s h i p  b e t w ee n  t h e  p r o p e r t i e s  o f  t h e  m a t e r i a l s  u s e d  and  t h e  
t e n s i l e  s t r e n g t h  v a r i a t i o n  w i t h i n  t h e  m o r t a r  body .  However ,  
t h e  a c t u a l  bond b e t w ee n  t h e  b r i c k  and t h e  m o r t a r  must  e x i s t ,  
a l t h o u g h  i t s  n a t u r e  i s  i n  some d o u b t .  The t h r e e  p o s s i b i l i ­
t i e s  a r e  m e c h a n i c a l ,  p h y s i c a l  a n d  c h e m i c a l  bond ,  a nd  i t  i s  
l i k e l y  t h a t  t h e  t r u e  s i t u a t i o n  i s  a c o m b i n a t i o n  o f  a l l  
t h r e e  t y p e s .
F o r  m e c h a n i c a l  bond  t o  t a k e  p l a c e  t h e r e  s h o u l d  be 
i n t i m a t e  c o n t a c t  b e t w ee n  t h e  m o r t a r  and  t h e  b r i c k ,  w h i ch  
may be f a c i l i t a t e d  by t h e  use  o f  b i g h - l i m e  m o r t a r s  ( 7 2 ) .
The a c t u a l  b o n d i n g  r e o u i r e - s  t h e  c r y s t a l l i n e  p r o d u c t s  o f  
h y d r a t i o n  t o  f o rm w i t h i n  t h e  v o i d s  o f  t h e  b r i c k  ( i j . ,5 ,7U,  
7 5 , 7 6 ) .  A c c o r d i n g  t o  G r a n d e t  e t  a l  ( 7 5 ) ,  c l o s e  t o  t h e  
b r i c k ,  t h e  main  c o n s t i t u e n t  o f  t h e  h y d r a t e d  c e m e n t ,  i s  
e t t r i n g i t e .  T h i s  o c c u r s  a s  n e e d l e  s h a p e d  c r y s t a l s  a p p r o x ­
i m a t e l y  0.05/*™ i n  d i a m e t e r ,  b u t  u s u a l l y  o c c u r s  i n  c l u s t e r s  
o f  0 . 2 - 0 . 3/Am d i a m e t e r .  Thus  t h e  d i a m e t e r  o f  t h e  v o i d s  i n  
t h e  b r i c k  s h o u l d  be a t  l e a s t  0.05/Am a n d  p r e f e r a b l y  a b o u t  
f i v e  t i m e s  t h i s  s i z e .  H a v i n g  a c h i e v e d  i t s  i n t e r l o c k i n g ,  
t h e  c r y s t a l  s t r u c t u r e  mus t  be s t r o n g  enough  t o  t r a n s f e r  
t h e  s t r e s s  f r o m w i t h i n  t h e  v o i d s  t o  t h e  body  o f  t h e  m o r t a r  
o u t s i d e  ( 3 ) .
The i n t e r f a c e  s a m p l e s  e x a m i n e d  by x - r a y  d i f f r a c t i o n
a n d  d i s c u s s e d  i n  s e c t i o n  12 showed no e v i d e n c e  o f  
e t t r i n g i t e  b u t  c a l c i t e  v/as p r e s e n t .  However ,  i t  s h o u l d  be 
r emembered  t h a t  due t o  c a r b o n a t i o n ,  e t t r i n g i t e  e v o l v e s  
i n t o  c a l c i t e .
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When two p a r t i c l e s  a r e  c l o s e  t o g e t h e r  t h e r e  a r e  
p h y s i c a l  f o r c e s  whi ch  a t t r a c t  them.  I t  i s  l i k e l y  t h a t  t h e  
m a j o r  p h y s i c a l  f o r c e  i s  Van d e r  W a a l ' s  ( 7 6 ) ,  wh i ch  may be 
a s  h i g h  a s  20N/mm2 (57)*  F o r  t h i s  f o r c e  t o  be i m p o r t a n t ,  
c o n t a c t  s h o u l d  be o v e r  a s  l a r g e  a n  a r e a  a s  p o s s i b l e  a n d  
a s  c l o s e  a s  p o s s i b l e .  A c c o r d i n g  t o  J a v e l a s  e t  a l  ( 7 6 ) ,  
t h e  d i s t a n c e  b e t w e e n  c a l c i t e  a g g r e g a t e  a n d  t h e  h y d r a t i o n  
p r o d u c t s  i s  a b o u t  20jl  ( a b o u t  t e n  t i m e s  t h e  e f f e c t i v e  
d i a m e t r  o f  a n - a t o m ) .  C o n t a c t  mu s t  be v e r y  c l o s e  a s  Van d e r  
W a a l ' s  f o r c e s  v a r y  a s  R” ^,  where  R i s  t h e  s e p a r a t i o n  ( 7 7 ) •  
C o n c e r n i n g  c h e m i c a l  b o n d i n g ,  t h e r e  i s  some d i s a g r e e ­
ment .  Many w o r k e r s  a r e  o f  t h e  o p i n i o n  t h a t  such  b on d s  
c a n n o t  o c c u r  b e t w ee n  b r i c k  a nd  m o r t a r ,  b u t  H og b e r g  (U) ,  
f o r  e x a m p l e ,  h o l d s  t h e  o p p o s i t e  v i ew.  O t h e r s ,  s uc h  a s  
J a v e l a s  ( 7 6 ) ,  a g r e e  t h a t  c h e m i c a l  bonds  do e x i s t  u n d e r  
c e r t a i n  c o n d i t i o n s ,  such  a s  b o n d i n g  w i t h  c a l c i t e  a g g r e g a t e .  
C a l c i t e  i s  a t t a c k e d  c h e m i c a l l y  by t h e  cemen t  g e l ,  f o r m i n g  
an  i n t e r m e d i a t e  s o l i d  made up o f  C-S-H f rom  t h e  g e l ,  
c o m b i n i n g  w i t h  Ca++ a n d  CO^ i o n s  f r o m  t h e  c a l c i t e .  I n  
t h e  body o f  t h e  m o r t a r ,  Lea ( 5 7 )  a t t r i b u t e s  c o m p r e s s i v e  
s t r e n g t h  t o  c h e m i c a l  v a l e n c y  b o n d s ,  whi ch  a r e  a b o u t  one 
h u n d r e d  t i m e s  a s  s t r o n g  a s  t h e  Van d e r  Waal f o r c e s ,  t h e  
l a t t e r  g o v e r n i n g  t e n s i l e  b e h a v i o u r .  I t  seems l i k e l y ,  how­
e v e r ,  t h a t  mos t  b r i c k  m a t e r i a l  w i l l  be c h e m i c a l l y  i n e r t  
i n  r e l a t i o n  t o  ce me nt  a n d  t h a t  c h e m i c a l  bonds  p l a y  
v i r t u a l l y  no p a r t  i n  b r i c k - m o r t a r  bond.
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•ill. GEImERAL CONCLUSIONS AND RECOMIviENDATIONS FOR FUTURE
WORK.
I n  t h i s  f i n a l  s e c t i o n  t h e  p r e s e n t  work: w i l l  be r e ­
v i e w e d  i n  g e n e r a l  t e r m s  and i n  r e l a t i o n  t o  t h e  s t a t e  o f  
t h e  a r t ,  t h e  . r e l e v a n c e  o f  t h e  v a r i o u s  a s p e c t s  o f  t h e  work: 
t o  t h e  bond h y p o t h e s i s  w i l l  be d i s c u s s e d  a nd  r ecommend­
a t i o n s  f o r  f u t u r e e  work, w i l l  be made.
1h.  1* The T e n s i l e  T e s t  S y s t e m .
The a p p a r a t u s  d e s c r i b e d  i n  s e c t i o n  k h a s  p r o v e d  t o  
be v e r y  s u c c e s s f u l  f o r  t h e  d e t e r m i n a t i o n  o f  t e n s i l e  bond 
s t r e n g t h s  i n  t h e  r a n g e  e n c o u n t e r e d .  I t  i s  s i m p l e  b o t h  t o  
m a n u f a c t u r e  a n d  t o  o p e r a t e  a n d ,  b e i n g  f u l l y  a d j u s t a b l e ,  
c a n  c o m p e n s a t e  f o r  d i f f e r e n c e s  i n  j o i n t  t h i c k n e s s  w i t h i n  
a c o u p l e t ,  o r  f o r  b a d l y  s h a p e d  b r i c k s .  I n c l u d i n g  i n i t i a l  
t r i a l s ,  o v e r  1000 c o u p l e t s  h a v e  been  t e s t e d  h a v i n g  bond  
s t r e n g t h s  i n  t h e  r a n g e  0 . 0 5 - 0 . 5lH/mm^.  B e c a u s e  a v a r i a b l e  
r a n g e  t e n s o m e t e r  was u s e d ,  t h e  a c c u r a c y  o f  t h e  r e s u l t s  
was l a r g e l y  i n d e p e n d e n t  o f  t h e  f a i l u r e  l o a d .
1U«2.  T e n s i l e  T e s t  R e s u l t s .
Prom t a b l e  1U.1 i t  c a n  be s e e n  t h a t  d i r e c t  comp­
a r i s o n  o f  r e s u l t s  i s  d i f f i c u l t ,  b e c a u s e  o f  t h e  d i f f e r e n c e  
i n  b r i c k  t y p e s ,  e t c .  The BS5628  s t r e n g t h s  a p p l y  t o  b r i c k s  
o f  l e s s  t h a n  w a t e r  a b s o r p t i o n ,  i n t o  which  c a t e g o r y  
b o t h  t h e  H o l b r o o k  an d  t h e  S o u t h w a t e r  b r i c k s  f a l l .  However ,  
t h e  S o u t h w a t e r  b r i c k  c o u p l e t s  g i v e  much l o w e r  s t r e n g t h s  
t h a n  t h e  H o l b r o o k .  O t h e r  w o r k e r s  r e s u l t s  which  a r e  
d i r e c t l y  c o m p a r a b l e  a r e  a l s o  shown a s  b e i n g  i n  g e n e r a l  
a g r e e m e n t .
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M o r t a r  De s i g n a t i o n
H o l b r o o k  f a c i n g  
b r i c k  c o u p l e t s
( i ) ( i i ) ( i i i ) ( i v )
0 . 3 8 0 . 3 3 0 . 2 7 0.  22
S o u t h w a t e r  e n g i n e e r i n g  
b r i c k  c o u p l e t s 0 . 1 k 0 . 1 7 0 . 1 9 0 . 1 k
BS5628  c h a r a c t e r i s t i c  
t e n s i l e  s t r e n g t h s 0 . 3 5 0 . 2 5 0 . 2 5 0 . 2 0
Kampf (3) 0 . 1 9
H a b i b , L e e d s ( 12) 0 . 3 8
P a l m e r , H a l l ( 2 0 j 0 . 2 2 0 . 1 6
T a b l e  1U«1. C o m p a r i s o n  o f  t e n s i l e  bond s t r e n g t h  (N/nmi^) 
r e s u l t s  w i t h  o t h e r  s o u r c e s .
1 h.  3. I m p o r t a n c e  o f  W a t e r  A b s o r p t i o n .
Prom t h e  l i t e r a t u r e  r e v i e w  i n  s e c t i o n  2 a nd  f ro m t h e  
e x p e r i m e n t a l  r e s u l t s  o f  t h e  p r e s e n t  work i t  i s  c l e a r  t h a t  
t h e  mos t  i m p o r t a n t  p r o c e s s  a f f e c t i n g  t h e  t e n s i l e  bond 
s t r e n g t h  i s  t h e  a b s o r p t i o n  o f  m o i s t u r e  f r o m  t h e  m o r t a r ,  
by  t h e  b r i c k .  I n  t u r n ,  t h i s  w i l l  be a f f e c t e d  by t h e  
a b s o r p t i v e  p r o p e r t i e s  and  i n i t i a l  m o i s t u r e  c o n t e n t  o f  t h e  
b r i c k ,  by t h e  r e t e n t i v e  p r o p e r t i e s  o f  t h e  m o r t a r  a n d  by 
t h e  me t ho d  o f  l a y i n g .
1U.U. H y p o t h e s i s  o f  T e n s i l e  Bond S t r e n g t h .
The g e n e r a l  h y p o t h e s i s  d e v e l o p e d  t h r o u g h o u t  t h i s  
work  i s  t h a t  t h e  p h y s i c a l  a nd  c h e m i c a l  p r o c e s s e s  o f  
a b s o r p t i o n  a n d  h y d r a t i o n  c r e a t e  w i t h i n  t h e  m o r t a r  j o i n t  a 
d i s t r i b u t i o n  o f  c o n s t i t u e n t s  and  t e n s i l e  s t r e n g t h  w h i ch  
g o v e r n  t h e  t e n s i l e  b e h a v i o u r .  The t e r m  " t e n s i l e  s t r e n g t h ” 
i s ,  i n  t h i s  c o n t e x t ,  more a p p r o p r i a t e  t h a n  t h e  u s u a l
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" bond  s t r e n g t h " ,  a s  i t  r e f e r s  t o  a f a i l u r e  i n  t e n s i o n  a t  
some p o i n t  w i t h i n  t h e  j o i n t ,  r a t h e r  t h a n  e x c l u s i v e l y  a t  
t h e  i n t e r f a c e .
1 U. 5 .  M o i s t u r e  C h a r a c t e r i s t i c s .
Any p r e d i c t i v e  met hod  whi ch  f o l l o w s  t h e  t e n s i l e  
s t r e n g t h  h y p o t h e s i s  w i l l  r e q u i r e  b o t h  t h e  m o r t a r  a n d  t h e  
b r i c k s  t o  be q u a n t i f i e d  a c c o r d i n g  t o  t h e  p r o p e r t i e s  u s e d  
i n  s o i l  p h y s i c s .  The work d e s c r i b e d  i n  s e c t i o n  11 shows 
t h a t  t h e  r e l a t i o n s h i p  b e t w e e n  c a p i l l a r y  p o t e n t i a l  a n d  
m o i s t u r e  c o n t e n t  can  be r e a d i l y  d e t e r m i n e d  f o r  m o r t a r s ,  
a l t h o u g h  a more s e n s i t i v e  method i s  r e q u i r e d  f o r  b r i c k s  
o f  low s u c t i o n  r a t e .
1U . 6.  X-Ray D i f f r a c t i o n .
T h i s  i s  a method o f  c h e m i c a l  a n a l y s i s  whi ch  w i l l  
i d e n t i f y  c r y s t a l l i n e  compounds  on t h e  s u r f a c e  o f  a s m a l l  
( i c m ^ )  s a mp l e  o f  m o r t a r  o r  b r i c k .  The r e s u l t s  o f  s e c t i o n  
12 h av e  shown t h a t  u n d e r  d i f f e r e n t  i n i t i a l  c o n d i t i o n s ,  
t h e r e  w i l l  be a v a r i e t y  o f  h y d r a t i o n  p r o d u c t s .  Such a 
method m i g h t  be u s e d  t o  c o r r e l a t e  e q u i l i b r i u m  m o i s t u r e  
c o n t e n t  d i s t r i b u t i o n s  o b t a i n e d  f rom u n s a t u r a t e d  f l o w  
t h e o r y  w i t h  t h e  p r e d i c t e d  h y d r a t i o n  p r o d u c t s  f r o m  c em en t  
c h e m i s t r y .
1 U. 7.  F u t u r e  Work.
The f o l l o w i n g  a r e  r e c o m m e n d a t i o n s  wh ich  would  
f u r t h e r  t h e  k no wl e dg e  o f  t e n s i l e  bond s t r e n g t h  a n d  
s u p p o r t  t h e  h y p o t h e s i s  d e v e l o p e d  i n  t h e  p r e s e n t  work.
( i )  F u r t h e r  e x p e r i m e n t a l  s t r e n g t h  t e s t s  on c o u p l e t s  
u s i n g  b r i c k s  w i t h o u t  p e r f o r a t i o n  o r  f r o g s ,  f o r  a 
r a n g e  o f  s u c t i o n  r a t e s  a n d  i n i t i a l  m o i s t u r e  c o n t e n t s
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a nd  for* a r a n g e  o f  m o r t a r s .
( i i )  D e v e l o p m e n t s  o f  u n s a t u r a t e d  f l o w  t h e o r y  t o  encompass  
t h e  c a s e  o f  b r i c k / m o r t a r / b r i c k .
( i i i )  Meas ur e me n t  o f  h y d r a u l i c  p r o p e r t i e s  o f  b r i c k  an d  
m o r t a r ,  a n d  c o r r e l a t i o n  w i t h  e s t a b l i s h e d  p r o p e r t i e s  
su ch  a s  s u c t i o n  r a t e ,  s a nd  g r a d i n g ,  e t c .
( i v )  A d o p t i o n  o f  t e c h n i q u e s  s u c h  a s  gamma r a y  a t t e n u a t i o n  
f o r  t h e  m e a s u r e m e n t  o f  m o i s t u r e  c o n t e n t  a s  a f u n c t i o n  
o f  p o s i t i o n  a n d  t i m e .
( v )  D e v e l o p m e n t  o f  x - r a y  d i f f r a c t i o n ,  o r  s i m i l a r  
c h e m i c a l  a n a l y s i s  me thod ,  t o  i d e n t i f y  h y d r a t i o n  
p r o d u c t s  a s  a f u n c t i o n  o f  p o s i t i o n  w i t h i n  t h e  
m o r t a r .
( v i )  R e l a t e  n a t u r e  o f  h y d r a t i o n  p r o d u c t s  t o  e q u i l i b r i u m  
m o i s t u r e  c o n t e n t  and  t o  m i c r o s t r e n g t h  w i t h i n  t h e  
m o r t a r .
( v i i )  U n i f i c a t i o n  o f  a l l  t h e s e  t e c h n i q u e s  t o  a c h i e v e  t h e  
u l t i m a t e  o b j e c t i v e  o f  p r e d i c t i n g  t h e  t e n s i l e  
s t r e n g t h  a n d  mode o f  f a i l u r e  b a s e d  on t h e  p r o p e r t i e s  
o f  t h e  m a t e r i a l s  a n d  t h e  method o f  l a y i n g  an d  
c u r i n g .
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APPENDIX 1. FULL RESULTS FROM BOND STRENGTH TESTS.
The r e s u l t s  f rom i n d e p e n d e n t  c o u p l e t  t e s t s  a r e  g i v e n  
i n  t a b l e s  A1.1 t o  A 1 . 3 1 .  E x p l a n a t o r y  n o t e s  a r e  g i v e n  
be l ow.
T a b l e s  A 1 .1 A1 .1 6
B r i c k
M o r t a r
W a t e r
L a y i n g
Number
J o i n t  T h i c k n e s s
F a i l u r e  Load
L e n g t h ,  w i d t h  
F a i l u r e  S t r e s s  
Mode
F = H o l b r o o k  f a c i n g ;  E = S o u t h w a t e r  
e n g i n e e r i n g .
( i )  = 1 : i : 3 ;  ( i i )  = 1 '-i'-kh;( i i i )  = 1 : 1 : 6 ;  ( i v )  = 1 : 2 : 9 .
F i g u r e  g i v e n  i s  p e r c e n t a g e  by w e i g h t  o f  
d r y  c o n s t i t u e n t s .
D = l a i d  d r y ;  IV = l a i d  a f t e r  s u c t i o n  
r a t e  a d j u s t m e n t .
Number o f  i n d i v i d u a l  c o u p l e t s  w i t h i n  
g r o u p .
M ea su r ed  a t  e a c h  c o r n e r  o f  m o r t a r  j o i n t  
p r i o r  t o  t e s t i n g .
U l t i m a t e  d i r e c t  t e n s i l e  f a i l u r e  l o a d  
i n  kN.
D i m e n s i o n s  o f  f a i l e d  s u r f a c e  o f  c o u p l e t .
F a i l u r e  l o a d / A r e a  o f  f a i l e d  s u r f a c e .
T = t o p  p l a n e  f a i l u r e ;  B = b o t t o m  p l a n e  
f a i l u r e ;  M = f a i l u r e  w i t h i n  m o r t a r ;
BT e t c .  = c o m b i n a t i o n  o f  t h e s e .
T a b l e s  A 1 . 1 7  -  A 1 . 2 5
Sand
T,M,B
: F = f i n e ;  N = n o r m a l ;  1C e t c .  = c o a r s e .
: V a l u e s  a r e  p e r c e n t a g e s  o f  f a i l u r e  p l a n e  
a r e a  o c c u r i n g  a t  t h e  r e s p e c t i v e  
l o c a t i o n s .  F o r  c o u p l e t s  whose f a i l u r e  
a r e a s  t o t a l  more t h a n  100$ ,  some o f  t h e  
m o r t a r  became d e t a c h e d  a t  f a i l u r e .
T a b l e s  A 1 . 2 6  -  A 1 . 2 7
Br ,  T, M, B, Br : L o c a t i o n  o f  f a i l e d  s u r f a c e  a s  a
p e r c e n t a g e ,  i n  t h e  t o p  b r i c k ,  t o p  p l a n e ,  
m o r t a r ,  b o t t o m  p l a n e  a n d  b o t t o m  b r i c k  
r e s p e c t i v e l y .  T o t a l s  o f  more t h a n  100;-o 
a s  b e f o r e .
A1
T a b l e s  A 1 . 2 8  -  A1.  51
C u r i n g  : a = s e a l e d  i n  c u r i n g  c a b i n e t s  f o r  28 d a y s ;
b -  w e t / d r y  -  submerged  f o r  2k  h o u r s  on 
d a y s  2 , 9 , 1 6 , 2 3 ;  
c = f r e e z e / t h a v ;  -  2k h o u r  c y c l e  ( - 4  C t o  10 ° C ) ;
d = m i s t  room -  1 00;6r.  h . , 1 8 °C ; 
e = c o n s t a n t  t e m o e r a t u r e / n u m i d i t y  -  60 / r . h . , 2 0 ° C .
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COB
O
•H
PQ
co•p
o
Jh0 ^
bOC•H
k0X)
ra00C-pC
<L> a
f-i 20 '—1—I T3
*EE
X-pbo
' bB
X-P
B
>0v_^Ph CD 3  CD rH 0 0•P^S. >5 B •r“i *H B •H 03 c •H FhCO^ CO 3 o x; B CD O 0 •H 00 -p OA ^  Eh w & Pn CO S
1 7? D 1 11 12 12 11 4 . 8 0 147 100 0 . 3 3 B
M i D 2 12 12 10 10 5 . 8 0 152 97 0 . 3 9 TM i  D 3 11 11 10 10 4 . 3 0 130 100 0 . 2 9 B17? D 4 10 10 11 •>0 5 . 1 5 130 100 0 . 3 4 B17? D 5 10 10 10 10 4 . 6o 147 100 0 . 31 B
18 D 1 10 12 11 10 5 . 7 0 151 99 0 . 3 8 B18 D 2 12 12 11 11 5 . 5 0 149 99 0 . 3 7 B18 D 3 10 11 10 10 5 . 3 5 1U7 98 0 . 3 7 T18 D 4 10 10 10 10 6 . 6 5 131 100 0 . 4 4  B18 D 3 10 11 10 10 5 . 6 0 150 100 0 . 3 7 B
1 8 i D 1 10 10 11 10 4 . 9 5 132 98 0 . 3 3 T18^
I 8 f18 |
I 8 i
D 2 10 10 11 10 4 . 3 5 1U9 100 0 . 2 9 BI) 3 t o 11 12 12  6.  60 133 100 0 . 4 3  BD 4 10 10 10 10 5 . 1 0 132 100 0 . 3 4 BD 5 10 10 10 11 7 . 5 5 149 100 0 . 51 B
19 D 1 10 10 10 11 6 . 5 0 154 94 0 . 4 5 T19 D 2 10 11 11 11 5 . 2 0 151 99 0 . 3 5 B
19 D 3 10 10 10 10 5 . 4 0 151 96 0 . 3 7 BT19 D 4 10 10 10 10 5 . 2 5 153 96 0 . 3 6 T
19 D 5 10 10 10 11 4 . 9 5 148 99 0 . 3 4 B
i i j
D 1 10 10 10 10 6 . 3 5 1 49 99 0 . 4 3 BD 2 10 10 11 12 4 . 7 0 1U7 100 0 . 3 2 B
; ? i19?
D 3 10 10 10 10 5 . 4 0 152 94 0 . 3 3 TD k 10 10 11 11 6 . 1 5 153 94 0 . 4 3 TD 5 10 11 11 10  5 . 85 154 94 0 . 4 0 T
20 D 1 12 10 11 9 6. 80 148 101 0 . 4 6 B20 D 2 10 11 10 9 7 . 1 0 152 99 0 . 4 7 B20 D 3 10 10 10 10 5 . 4 5 191 99 0 . 3 6 T20 D b 10 9 9 9 4.  65 148 93 0 . 3 2 T20 D 5 10 10 11 9 5 . 7 0 150 98 0 . 3 9 T
Table  A 1 . 1 .  Mortar Programme R e s u l t s ,  Holbrook F a c in g
B r ic k ,  Mortar Grade ( i ) ,  Laid Dry.
CMEEra E \CO -^N E E sCD cd |z V__/ E CD'—f-i ' bo q c G 3 X v__✓ X COid CO k G CD +3 id -p x 3 COo +3 (D-'-'n -H X C r—I Xi bO +j rH 03 03■P^l >s E •H *H E •H CO C •H XPh o CO'--' CO G O X  E CO O 0 •H co •+-> OPQ s E -i^ XI XI IT5* Pq CO
F ( i )F
F
F
F
F
F
F
F
F
\ \
( i )
( i
( i
( i )
17? W 1 1 12 10 10 3. 90 152 100 0. 26 BI 7 f w 2 0 11 11 11 5. 80 151 100 0. 33 B17* w 3 0 10 10 9 5. 45 152 98 0. 37 T17* w 4 0 10 10 10 6. 20 151 97 0. 42 T17* w ■5 1 10 10 10 5. 25 154 100 0. 34 B
18 w 1 1 10 11 11 5. 40 152 97 0. 37 BT18 w 2 1 10 11 11 6. 10 155 98 0. 40 TB18 w 3 0 10 10 10 5. 60 155 96 0. 33 T18 w 4 1 11 11 11 5. 10 154 100 0. 33 B18 w 5 1 12 10 10 4. 90 151 10.0 0. 32 B
18* w 1 0 10 10 10 6. 05 147 100 0. 41 BI 8 i w 2 0 11 10 10 6. 10 152 100 0. 40 B18^ vv 3 1 11 11 11 5. 45 154 96 0. 37 T1 8 f w 4 0 10 11 11 5. 00 150 97 0. 34 T18* w 5 0 10 11 11 5. 10 154 97 0. 34 T
19 w 1 0 11 11 11 4. 85 154 97 0. 32 T19 w 2 0 10 11 11 4. 75 154 97 0. 32 T19 w 3 1 11 10 11 5. 20 156 95 0. 35 T19 w 4 0 10 11 11 4. 50 152 99 0. 30 B19 w 5 0 10 11 11 4. 70 155 100 0. 30 B
19* w 1 0 10 10 10 4. 94 151 96 0. 34 T19* w 2 0 10 10 10 4. 77 152 97 0. 32 T19$ V/ 3 0 10 11 11 5. 60 154 99 0. 37 B19$ w 4 0 10 11 11 5. 50 155 95 0. 37 T19# w 5 0 10 10 10 3. 05 154 97 0. 34 T
20 w 1 0 10 10 10 6. 30 152 100 0. 41 B20 w 2 0 10 11 9 4. 60 151 97 0. 31 T20 w 3 1 10 10 9 6. 10 151 96 0. 42 T20 w 4 0 10 10 10 5. 30 153 97 0. 36 T20 w 5 0 10 10 10 4. 6o 152 98 0. 31 T
T a b l e  A 1 . 2 .  M o r t a r  Programme R e s u l t s ,  H o l b r o o k  F a c i n g
B r i c k ,  M o r t a r  Grade  ( i ) ,  L a i d  Wet.
C\1E/—V ECO c; \CO E E S0) o) s_ / E 0J>—Fh bO F-i c Fh ^ & v_< F-i co
cd k  C o; P  isi D p & a  coo p £> a  o -- ' P  HD bO p i—1 0) a•H Fh E •H -H E •H Co C T3 •H F-l 'Oo Gj  v—^  CD D o  s: E CD O CL) •H CD P oPQ ho c o s
E 17? D 1 10 10 10 12 1 . 36 133 98 0. 09 TE s 1 ) 17 i D 2 11 11 11 10 1 . 39 133 99 0. 09 TE I 1 } 17? D 3 10 10 11 11 1 . 23 133 99 0. 08 TE 1 17? D 4 10 10 13 11 2 . 06 157 99 0. 13 TE ( i ) 17? D 3 11 10 10 10 2 . 4 i 137 99 0 . 16 T
E ( i ) 13 D 1 10 12 10 10 1 . b 8 157 99 0. 12 TE ( i ) 18 D 2 10 11 10 10 2 . 30 156 98 0. 1 6 TE ( i ) 18 D 3 10 9 10 10 1 . 86 157 98 0. 12 TE 18 D 4 10 11 11 12 1 . 90 154 98 0. 13 TE ( i ) 18 D 3 11 11 12 12 1 . 86 156 99 0. 12 TB
E ( i ) 1 s i D 1 10 12 10 10 2 . 10 162 97 0. 13 TBE ( i ) 1 B| D 2 10 10 11 11 0. 38 163 100 0. 02 TBxE ( i ) I 8i D 3 10 10 10 11 2 . 40 165 101 0. 14 BE ( i ) 18 | D k 11 11 10 12 0. 81 161 99 0. 05 TxE U ) 18* D 3 11 10 11 10 2. 33 163 100 0. 16 B
x B r i c k  s u r f a c e  c o n t a m i n a t e d  by r e s i n  f r o m  wood
p a c k i n g
E 19 D 1 9 12 10 8 2 . 1 2 155 99 0 . 1 4 TE N 19 D 2 9 8 9 11 2 . 1 3 154 99 0 . 1 4 TE 19 D 3 10 9 10 10 1 . 6 2 152 98 0.  11 TE W 19 D 4 10 10 10 10 2. 26 155 100 0 . 1 5 TE U ) 19 D 5 9 11 10 10 1 . 8 0 158 99 0.  12 T
E ( i ) 1 9 ? D 1 9 10 10 9 2 . 1 4 156 98 0 . 1 4 TE ( i ) 19? D 2 11 10 10 10 2. 11 156 99 0 . 1 4 TE ( i ) 19 ? D 3 10 9 10 10 2.  88 157 98 0 . 1 9 TE ( i ) 19 ? D 4 11 10 10 10 1 . 8 9 158 99 0.  12 TE ( i ) 19? D 5 10 10 11 10 2 . 4 4 159 98 0 . 1 6 T
E ( i ) 20 D 1 9 10 10 9 1 . 9 0 157 100 0 . 1 2 TE ( i ) 20 D 2 8 10 9 10 3 . 9 5 160 102 0 . 2 4 TE ( i ) 20 ■D 3 9 9 10 9 3.  2i 158 100 0. 20 TE u ) 20 D 4 8 9 9 7 1 . 9 3 160 101 0 . 1 2 TE ( i ) 20 D 5 8 8 9 8 3 . 4 9 163 100 0 .21 T
Table  A 1 .3 .  Mortar Programme R e s u l t s ,  S o u th w a terE n g i n e e r i n g  B r i c k ,  M o r t a r  Gr ade  ( i ) , L a i d  Dry.
-A 5
CO
CO
CDG hO G G
^  CO G e o ;  PO 4-> £  G O^—'-•H G P  >a E -H -H EG O G ^  cO D 0 £  EPQ s  s :  ^
s 'E 1 = s0  |Z EG 3 & G raG v_» p JG 3  rarH rd hO P rH 0 0•H G C ra •H GG O a; •H G P of t ^ I*, CO S
174 W 1 11 11 11 10 1. 20 155 99 0. 08 T
174 w 2 11 1 1 11 11 1. 92 156 98 0. 13 T
174 w 3 12 10 11 9 2. 50 157 100 0. 1 6 B174 vv b 11 11 11 9 1. 11 158 97 0. 07 T
174 w 5 10 11 10 11 1. 31 160 100 0. 08 T
1 8 w 1 10 11 11 10 1 . 5b 15b 98 0. 10 T18 w 2 10 10 10 10 1 . 57 157 100 0. 10 T18 w 3 12 10 10 10 1. 87 158 99 0 . 12 T18 w b 11 10 11 10 1. 91 1 60 100 0 . 12 T18 w 5 10 10 10 ' 12 1. 96 158 98 0 . 13 T
184 w 1 10 12 10 11 0. 80 15b 99 0. 05 T
184 w 2 10 10 10 10 1. 2b 158 99 0. 08 T184 w 3 10 10 10 9 1. 98 158 99 0. 13 T
184 w b 10 9 10 11 1. 37 157 98 0. 09 T
184 W 5 10 9 9 10 1. 68 157 100 0. 11 T
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0 10 10 0 3 .2 30 11 10 1 3 . 870 11 11 0 3 .2 31 10 10 1 3 .2 01 11 11 0 3 .2 7
0 10 11 1 2 .9 30 10 10 0 3 .1 80 10 11 1 3 .1 60 10 11 1 2.610 10 11 0 3 .7 0
0 9 11 0 3.710 10 . 10 0 3.310 10 11 1 3 . 7 80 10 11 1 2 .2 70 10 10 1 3 .3 3
31 100 0 . 22 BM48 98 0 . 17 BM33 99 0 . 24 TM33 95 0 . 24 TMB33 99 0 . 21 BM
50 100 0 . 20 BM52 100 0 . 20 BM
47 97 0 . 20 TM52 96 0 . 18 TM50 100 0 . 25 BTM
51 100 0 . 22 BM52 99 0 . 20 BM50 99 0 . 23 MB51 99 0 . 26 MB49 98 0 . 23 MBT
55 99 0 . 21 MB50 96 0 . 27 MB50 99 0 . 22 MB54 99 0 . 21 MB50 100 0 . 22 MB
52 95 0 . 20 MT47 99 0 . 22 MB47 95 0 . 23 MT51 96 0 . 18 TM47 97 0 . 26 MBT
52 97 0 . 25 MB52 97 0 . 24 MTB51 96 0 . 26 M51 97 0 . 16 T48 97 0 . 23 MTB
Table A 1 .1 3 .  Mortar Programme R e s u l t s ,  Holbrook P a c in g
B r i c k ,  Mortar Grade ( i v ) ,  Laid. Dry.
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21
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21
21
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W 1 10 10 11 11 3. 69 152 99 0. 24 TMW 2 10 10 12 12 3* 20 151 99 0. 21 TMBW 3 10 10 11 11 2. 73 152 96 0. 19 TMw 4 12 11 11 11 1. 98 154 97 0. 13 Tw 5 11 11 11 11 2. 91 153 95 0. 20 T
w 1 10 10 10 10 2. 00 152 99 0. 13 TMw 2 11 11 11 11 2. 62 151 97 0. 18 Tw 3 10 10 0 11 2. 29 153 97 0. 15 Tw 4 10 10 10 10 3. 61 152 98 0. 24 MBw 5 10 10 11 10 3. 59 150 98 0. 24 MTB
w 1 10 10 10 11 2. 85 152 95 0. 20 MTw 2 10 10 11 11 3. 20 152 96 0. 22 MTw 3 10 10 10 iO 3. 08 150 100 0. 20 MTBw 4 10 10 12 11 2. 88 152 95 0. 20 MTw 3 10 10 11 11 3. 50 152 96 0. 24 MT
w 1 10 10 10 10 2. 40 154 95 0. 16 Tw 2 10 10 12 12 2. 10 155 95 0. 14 Tw 3 10 11 12 11 2. 65 152 94 0. 18 TMw 4 10 10 10 11 2. 41 152 94 0. 17 Tw 3 10 11 12 11 2. 02 155 96 0 . 14 T
w 1 10 10 10 10 2. 11 148 97 0 . 15 Tw 2 10 10 11 10 2. 80 150 95 0 . 20 TMw 3 10 10 11 10 3. 13 150 97 0 . 22 Tw 4 10 11 10 11 2. 10 150 94 0 . 15 Tw 3 10 10 11 11 2. 50 153 97 0 . 17 T
w 1 10 10 11 11 3. 52 149 96 0 . 25 Mw 2 10 10 12 11 3. 35 150 95 0 . 24 MTw 3 10 9 1 2 11 3. 18 151 95 0 . 22 MTw 4 9 9 11 10 2. 1+1 151 97 0 . 16 TBMw 3 10 10 1 2 11 2. 1 6 150 95 0 . 15 TM
e A 1 . 1 4 .  Mortar Programme R e s u l t s ,  Holbrook  P a c in gB r ic k ,  Mortar Grade ( i v ) ,  Laid  Wet.
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E ( i v
20 D 1 0 10 11 11 1 . 8 6 134 101 0 . 13 T20 D 2 1 10 11 11 1 . 64 160 101 0 . 10 BM20 D 3 1 11 10 10 1 . 8 k 133 96 0 . 12 T20 D 4 0 10 10 10 2 . 2 3  .156 100 0 . 14 BM20 D 5 9 10 10 12 1.91 136 99 0 . 12 T
20? D 1 1 10 10 12 1 . 88 160 101 0 . 12 BM20? D 2 0 9 10 10 2 . 6 5 158 99 0 . 17 T2 0? D 3 1 10 10 10 2 . 4 0 153 99 0 . 16 T20? D 4 1 11 10 10 1 . 8 7 156 98 0 . 12 T20? D 5 0 10 10 11 2.61 153 100 0 . 17 TM
21 D 1 0 9 9 11 2.71 157 100 0 . 17 T21 D 2 1 10 11 10 2 . 4 9 155 100 0 . 16 T21 D 3 2 10 10 10 2 . 8 8 157 100 0 . 18 MB21 D 1+ 9 8 8 9 2 . 3 9 158 100 0 . 16 TM21 D 3 0 9 10 11 2 . 2 2 157 99 0 . 14 T
21 i D 1 0 9 11 10 2 . 0 3 158 95 0 . 14 T2 l | D 2 1 11 11 10 1 . 4 6 155 96 0 . 10 T211 D 3 0 11 12 11 1 . 0 2 156 97 0 . 07 T21 % D 4 0 11 11 10 2 . 0 8 155 97 0 . 14 T2 l | D 3 0 9 9 11 2 . 4 4 156 98 0 . 16 TM
22 D 1 0 11 10 10 1 .7 0 151 98 0 . 12 T22 D 2 0 10 11 10 2 . 3 0 156 98 0 . 15 TM22 D 3 0 9 11 10 1 . 9 0 155 97 0 . 13 TM22 D 1+ 0 9 8 10 2 . 0 3 157 98 0 . 13 T22 D 5 9 10 10 9 1 .7 S 157 98 0 . 12 T
22? D 1 0 9 9 10 2 . 5 0 158 95 0 . 17 T22 ? D 2 1 10 9 11 2 . 9 0 158 99 0 . 18 T22? D 3 9 10 10 9 1 . 7 4 160 98 0 . 11 T22? D 4 0 8 9. 11 2 . 3 0 158 99 0 . 15 T22? D 5 0 10 10 .•9 1.81 157 97 0 . 13 T
Table  A 1 .1 3 .  Mortar Programme R e s u l t s ,  Sou th w aterE n g i n e e r i n g  B r ic k ,  Mortar Grade ( i v ) ,
L a id  Dry.
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E ( i v )  20 W 1
E ( i v )  20 W 2
E ( i v )  20 W 3
E ( i v )  20 W if
E ( i v )  20 W 5
E ( i v )  2 0 i  W 1
E ( i v )  2 0 f  W 2
E ( i v )  2 0 |  W 3
E ( i v )  2 0 i  W ^
E ( i v )  21 V/ 1
E ( i v )  21 W 2
E ( i v )  21 W 3
E ( i v )  21 W if
E ( i v )  21 W 5
E ( i v )  21 i  W 1
E ( i v )  21 -J W 2
E ( i v )  215- W 3
E ( i v )  21 f  W if
E ( i v )  21i  W 3
E ( i v )  22 W 1
E ( i v )  22 W 2
E ( i v )  22 W 3
E ( i v )  22 W if
E ( i v )  22 W 5
10 9 10 11 2 . 61
9 9 9 10 2 . 0 010 8 10 10 1 . 3 210 10 11 11 2 . 9 310 10 10 10 2 . 1 2
10 8 10 11 1 . 7 710 10 9 11 1 . 8 910 10 11 10 2 . 3 710 3 11 9 2.21
11 9 J 9 1. 2111 9 10 13 1 • 6010 8 9 10 2 . 0 610 10 8 lif 1 • 2if10 9 9 11 1 . 3 6
10 10 10 9 1 . 3 910 11 11 10 1 . 3 8
10 9 9 9 1 . 3 511 10 10 10 1 . 5 210 10 10 9 1 . 8 7
11 10 10 10 1 . 5 59 7 8 10 1.5111 9 8 11 1 . 5 9
9 9 9 9 1 . 8 3
9 10 10 9 1 . 7 k
E ( i v ) 2 2 f2 2 |
22§
2 2 |
2 2 j
W 1 10 9 9 10 1 . 5 8E ( i v ) W 2 10 10 9 9 2. 22E ( i v ) w 3 10 1 1 10 9 1 . 8 3E ( i v ) w if 9 8 9 10 2 . 1 6E ( i v ) w 5 12 9 8 10 2 . 0 5
57 99 0. 17 T56 100 0 . 13 T57 100 0 . 10 T
55 99 0 . 19 BM
57 101 0. 13 T
57 101 0 . 11 BM58 100 0 . 12 T
55 99 0. 15 T59 101 0 . l i f T
62 100 0 . OS T
58 99 0. 10 T60 100 0 . 13 T57 100 0 . OS T
57 98 0 . 09 T
55 98 0 . 09 TifS 98 0 . 10 T56 98 0 . 10 T
53 97 0 . 10 T58 99 0 . 12 T
56 98 0. 10 T
61 100 0. 09 T
55 98 0. 10 T60 93 0 . 12 T
5^ 4 98 0 . 12 T
58 99 0 . 10 T57 97 0 . 15 T58 98 0 . 12 T
56 98 0 . l i f T58 98 0 . 13 T
Table  A1 . 16 . Mortar Programme R e s u l t s ,  Southvvater
E n g i n e e r i n g  B r i c k ,  Mortar Grade ( i v ) ,
L a id  Wet.
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i d C CD ' ■P G '—h' -P £ g  co •H CO OO nd -H G  O '" " ' rH TO bO 4-3 rH 00 0  rH O•H G B •H -H E •H 0 G t 3 •H Ph Ph Ah 1-qG 0  CO G o x :  E CO O 0 •H 03 44pq CO Hd a E- 1 ^ ^ f c  a *1 f e  CO T M B
P P D 1 10 9 10 10 3 . 6 0 148 96 0 . 2 5 100P P D 2 10 10 10 10 4 . 0 0 151 97 0 . 2 7 100P P D 3 10 11 11 11 4 . 1 0 143 96 0 . 2 9 100P P D 4 10 11 10 10 4 . 3 0 148 100 0 . 3 0 100P P D 5 10 10 10 10 4 . 1 5 149 96 0 . 2 9 100P P D 6 10 10 10 11 4 . 1 5 148 97 0 . 2 9 100P P D 7 11 10 10 11 4.  25 151 96 0 . 2 9 100P P D 8 -.9 10 10 10 4 . 6o 148 99 0.31 100P P D 9 10 10 11 11 4.  85 149 100 0 . 3 3 100P P D 10 10 11 11 10 3 . 9 5 143 100 0 . 2 7 1 0 0
P N. D 1 10 10 11 11 5 . 3 5 152 97 0 . 3 6 100P N D 2 10 10 10 10 5 . 7 5 150 100 0 . 3 8 100P N D 3 10 11 11 11 5 . 9 0 149 100 0 . 4 0 10 90P N D 4 10 10 10 10 4 . 8 0 151 96 0 . 3 3 100P N D 5 10 10 10 10  4 . 4 o 151 98 0 . 3 0 100P N D 6 10 10 10 10 5 . 1 0 146 100 0 . 3 5 100P N D 7 11 10 10 10 4 . 5 5 149 99 0.31 1 0 0P N D 8 10 10 10 10 4 . 2 0 150 97 0 . 2 9 1 00P N D 9 10 9 11 11 4.  85 152 96 0 . 3 3 100P H D 10 10 1 0 11 10 4.  70 1 5 0 97 0 . 3 2 100
P 1C D 1 10 11 10 11 4 . 8 5 149 100 0 . 3 3 100P 1C D 2 12 1 2 11 11 4 . 6 5 155 98 0.31 100P 1C D 3 10 10 10 10 4 . 6 o 152 97 0.31 100P 1C D 4 10 10. 10 11 4.  80 149 97 0 . 3 3 100 65P 1C D 5 10 10 11 11 4 . 6 5 152 100 0.31 1 00P 1C D 6 10 10 10 11 4 . 7 0 146 100 0 . 3 2 100P 1C D 7 10 10 10 10 4 . 5 0 148 97 0.31 100P 1C D 8 10 10 10 11 5 . 5 0 151 98 0 . 3 7 100P 1C D 9 10 10 10 10 5 . 0 0 150 96 0 . 3 5 100P 1C D 10 10 10 10 10 5 . 3 0 149 99 0 . 3 6 10 15 80
Table  A 1 .1 7 .  Sand Grading Programme R e s u l t s ,  Holbrook
P a c in g  B r i c k ,  L a id  Dry.
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CMEEE CCO E \ 03 OCO --—x E E a Ph -HCD CD S  Ph i d >.__<■ E CD'— D  03 - Pi d bO Ph c X Ph CO H  G  CDG CD ' - p  i d 3  v_«• ■p X 3  CO •H  ffi O0 -h X I G  O  ^ rH  XS bO - p rH  03 CD H  O•H G >5 E •H  -H  E •H  03 G T3 •H A h A h hAG 03 05 D3 O X  E CD O CD •H CD - PPQ CO ha E i w ►A fin CO T M B
p p w 1 11 11 11 11 4. 06 149 98 0 . 28 100p p w 2 10 10 10 11 4. 51 151 93 0 . 30 100p p w 3 10 10 10 10 4. 11 153 97 0 . 28 100p p w 10 10 10 10 4. 95 148 98 0 . 34 100p p w 5 10 11 10 10 4. 52 150 97 0 . 31 100p p w 6 10 10 10 9 4. 50 149 98 0 . 31 100p p w 7 10 10 10 10 3 . 90 146 98 0 . 27 100p p w 8 10 10 11 10 3 . 79 147 98 0 . 26 100p p w 9 10 10 10 10 3 . 57 147 98 0 . 27 100p p vv 10 9 10 10 11 4. 00 150 98 0 . 27 100
p N w 1 10 10 10 10 3 . 65 150 97 0 . 25 100p N w 2 10 10 10 10 3 . 70 151 99 0 . 25 100p N w 3 9 10 10 11 5. 00 150 96 0 . 35 100p N w 4 10 9 10 10 4 . 10 153 97 0 . 28 100p N w 5 10 10 10 11 4. 75 154 99 0 . 31 60 40p N w 6 11 11 11 11 4. 15 151 96 0 . 28 100p N w 7 11 10 10 11 4. 30 149 100 0 . 29 100p N w 8 10 9 10 10 4. 50 147 100 0 . 31 100p N w 9 11 10 10 10 5 . 00 149 100 0 . 34 100p N w 10 11 10 10 10 4 . 45 152 97 0 . 30 100
* Bottom b r ick  broke in t o  two p i e c e s
p 1C w 1 10 10 10 10 4. 30 152 100 0 . 28 100p 1C w 2 11 10 10 11 5. 00 151 97 0 . 34 100 . 30p 1C W 3 10 10 10 10 2. 85 149 97 0 . 20 100p 1C vv 4 10 10 10 10 4. 00 153 96 0 . 27 100p 1C vv 3 11 10 11 11 3. 65 153 96 0 . 25 100p 1C w 6 11 10 10 11 4. 25 150 97 0 . 29 100p 1C vv 7 10 10 12 11 3. 85 152 95 0 . 27 100p 1C vv 8 10 10 10 11 3. 60 149 97 0 . 25 100p 1C w 9 10 11 10 9 3. 60 146 99 0 . 25 100p 1C vv 10 10 10 10 10 3. 35 150 96 0 . 23 100
Table  A1 . 18 . Sand Grading Programme R e s u l t s ,  Holbrook
P a c in g  B r ic k ,  La id  Wet.
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p 2 G D 1 12 11 11 11 5. 80 150 100 0 39 10 25 65p 2C D 2 11 10 10 10 5. 33 149 100 0 36 30 70p 2C D 3 10 11 10 11 3. 30 146 99 0 37 5 20 75p 2C D 4 10 10 10 11 6. 00 151 97 0 41 100p 2C D 5 10 10 11 10 5. 23 148 99 0 36 100F 2C D 6 12 10 10 10 4. 60 147 95 0 33 100P 2C D 7 10 10 11 1 2 5. 63 151 97 0 39 100P 2C D 8 10 11 11 10 4. 93 147 100 0 34 100P 2C D 9 10 10 11 10 4. 60 150 97 0 32 100P 2C D 10 10 10 10 11 3. 70 146 100 0 39 5 95
P 50 D 1 10 10 11 10 4. 83 146 95 0 35 100F 50 D 2 10 11 11 11 4. 23 146 97 0 30 100P 50 D 3 10 11 11 10 3. 30 149 98 0 36 . 5 95P 50 D 4 10 10 10 11 3. 13 151 95 0 36 100 50P 50 D 5 10 10 11 11 3. 20 150 95 0 36 100P 50 D 6 10 10 11 10 4. 85 150 96 0 34 100F 50 D 7 10 11 11 11 5. 25 150 95 0 37 100P 50 D 8 10 11 10 11 5. 25 152 97 0 36 100P 50 D 9 10 10 10 11 4. 45 147 -i 00 0 30 100P 50 D 10 10 10 11 11 3. 25 151 94 0 37 100
P ko D 1 10 10 11 11 4. 15 150 96 0 29 100P 4c D 2 10 11 10 11 4. 75 148 96 0 33 100P 4c D 3 10 10 10 10 3. 75 150 96 0 40 100P ko D 4 10 10 10 10 6 . 30 151 99 0 42 5 95P 4c D 5 10 10 10 10 6. 55 152 97 0 44 60 60P ko D 6 10 10 10 11 3. 65 153 95 0 39 1 00 55P 40 D 7 10 11 11 10 3. 00 151 96 0 34 100P 4c D 8 10 10 11 11 6. 00 151 94 0 42 100P ko D 9 10 10 10 11 6 . 20 154 96 0 42 100P ko D 10 10 11 11 12 3. 35 151 97 0 36 100
Table  A 1 .1 9 .  Sand Grading Programme R e s u l t s ,  HolbrookP a c in g  B r i c k ,  Laid  Dry.
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bO Gid G a;O •H X!•H c >s EG CO CO GPQ CO
CMEE G\ CD OE E S G *HE ®V^ G  CD 4-3v_x G co rH C  CO+ 3 x: G  CO •H CO O
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CDCD ^a; o ac  g 3+ 3  i dc i—t tJ•H -H £  H (j;O ^  E C5 o^  e-i^  ^  ^  -s co T  B
F 20 vv 1 10 1 10 0 3 . 5 0 155 97 0 . 2 3 00F 20 w 2 10 1 10 1 4 . 65 149 98 0 . 3 2 00F 20 w 3 10 0 10 0 3 . 3 5 150 98 0 . 2 3 00F 20 w k 10 1 10 0 3 .k  0 148 96 0 . 2 4 00F 20 w 5 10 1 11 1 3 . 7 0 152 97 0 . 2 5 00F 20 V/ 6 10 0 10 0 4 . 1 0 150 97 0 . 2s 00F 20 w 7 10 0 10 0 3 .k  0 150 99 0 . 2 3 00F 20 w 8 11 0 11 0 k . 7 0 152 96 0 . 3 2 00F 20 w 9 10 1 11 0 k. 05 150 96 0 . 2 8 00F 20 w 10 9 1 10 0 4.  00 149 97 0.  28 00
F 3C w 1 10 1 11 0 k. 20 153 93 0 . 2 8 00F 30 w 2 11 1 11 0 4 . 65 153 96 0 . 3 2 00F 30 w 3 10 1 11 1 4.  75 151 98 0 . 3 2 10F 30 w k 10 0 10 0 3 . 7 0 152 97 0 . 2 5 00F 30 w 5 10 1 11 0 4.  30 147 100 0 . 2 9F 30 w 6 10 1 10 1 5 . 9 5 153 96 0 . 4 0 00F 30 w 7 10 1 11 1 4 . 0 5 154 96 0 . 2 7 00F 30 w 8 11 0 11 o 4 . 4 5 152 96 0 . 3 0 00F 30 w 9 11 0 11 1 3 . 7 0 151 96 0 . 2 6 00F 30 vv 10 10 0 10 0 3 . 9 0 150 97 0 . 2 7 00
F 4c w 1 10 0 11 0 4 . 3 5 152 95 0 . 3 0 00F kc w 2 10 0 10 o 4 . 0 0 150 95 0 . 2 8 00F ko w 3 11 1 11 1 3 . 9 0 150 96 0 . 2 7 00F ko w k 10 1 10 0 3 . 7 5 151 96 0 . 2 6 00F ho w 5 11 0 11 1 4 . 1 5 149 97 0 . 2 9 00F ko w 6 10 0 11 0 5 . 1 0 152 97 0 . 3 5 00F ko w 7 11 2 11 0 k .o o 150 97 0 . 2 8 00F ko vv 8 10 0 11 1 4 . 1 0 149 97 0 . 2 8 00F ko w 9 11 1 10 0 5 . 0 5 148 97 0 . 3 5 75F ko vv 10 10 0 10 0 4 . 60 146 100 0 . 3 2
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Table  A 1 .2 0 .  Sand Grading Programme R e s u l t s ,  Holbrook
F a c in g  B r ic k ,  L a id  Wet.
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<MEECO E \ <D OCO ✓'-'N E E a Ph *HCD CD S _^_' E (D ^ O  OJ 4-5bO Ph C Ph S X3 Ph CO H  C  COc o; . ■P ^ D'w' 4-5 X O  CO •H CO Oo •H X) c i—1 TO bo +J i—1 (D CO i—1 o•H c E •H *H E •H CO c •H Ph P h Oh h-qPh CO CO a o  x: E CO O (D •H CO PPQ co h> E h^ t-3 h-q r i- P h CO T M B
F 50 D 1 10 10 10 10 5 . 7 0 142 101 0 . 4 0 5 95p 5C D 2 10 10 11 10 5 . 0 0 147 97 0 . 3 5 95 5p 50 D 3 10 10 10 10 ^-.^0 145 97 0.31 95 5p 5C D k 10 10 10 10 6 . Lf.0 146 93 0 . 4 5 95 5p 50 D 5 10 9 10 11 5 . 7 0 145 100 0 . 3 9 5 95p 50 D 6 10 10 11 10 4 . 7 0 148 95 0 . 3 3 100p 50 D 7 10 10 10 11 5 . 4 0 148 101 0 . 3 6 15 85p 50 D 8 10 10 10 11 6 . 1 3 151 96 0 . 4 2 95 5 30p 50 D 9 10 10 11 11 5 . 5 0 148 98 0 . 3 8 95 5F 50 D 10 10 10 11 11 6 . 7 5 154 96 0 . 4 6 90 10 35
E P D 1 10 9 10 11 3 . 3 4 155 99 0 . 22 100E F D 2 11 10 10 10 3 . 1 2 161 101 0 . 1 9 100E P D 3 11 9 11 10 4 . 0 5 160 101 0 . 2 5 10 90E P D k 9 11 10 12 3 . 5 4 158 100 0 . 2 2 100E P D 5 11 9 10 9 2 . 3 3 156 101 0 . 1 3 100E P D 6 9 12 10 11 3 . 3 5 157 98 0 . 22 95 5E P D 7 10 12 10 12 3 . 8 7 153 99 0 . 2 3 100E P D 8 10 10 11 1 2 3.21 155 99 0 . 21 100E P D 9 9 10 9 8 3.91 157 100 0 . 2 3 10 100E P D 10 11 1 1 10 10 3 . 0 9 155 93 0 . 2 0 100
E N D 1 10 10 10 10 3 . 5 0 160 100 0 . 2 2 30 70E N D 2 10 9 11 8 2 . 1 0 158 97 0 . 1 4 95 5E N D 3 9 11 10 9 2 . 6 8 151 98 0 . 1 8 100E r D k 10 11 10 1 0 3 . 2 8 157 100 0.21 100E N D 5 10 11 10 10 2.41 155 99 0 . 1 6 100E N D 6 11 10 10 10 3 . 2 0 155 98 0.21 100E N D 7 10 11 9 10 3 . 8 0 160 100 0 . 2 4 10 90E N D 8 9 9 11 9 3 . 1 4 156 99 0 . 2 0 100E N D 9 9 10 12 10 3 . 6 5 156 98 0 . 2 4 100E N D 10 9 9 10 9 1 . 6 5 158 97 0 . 11 100
Table A 1 .2 1 .  Sand Grading Programme R e s u l t s ,  B r i c k s
Laid  Dry.
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CO E \ 0  OCO E E S G ’H0) 0  tZG S E a j ' 3 00 -Pb o G c rG G 02 i—1 C 0G 0 - P  -G 3 ' — • P rG 3 CO •H 0 COo t 5 •H JD G rH  TO bO •P rH 00 0  rH  O•H G >5 E •H *H £ •H CO G TO •H G pH GG G}G CO CG 3 O ,G E CO o 00 •H 0 -P T MPQ CO ►-q J2J Ph p} P i i S Ph CO
F 50 W 1 10 9 11 10 5 . 1 0 151 97 0 . 3 5 100F 50 w 2 10 10 10 11 5 . 0 0 152 95 0 . 3 5 100F 50 w 3 11 10 11 10 5 . 6 0 151 95 0 . 3 9 100F 50 w 10 9 12 11 h .  10 152 95 0 . 2 8 100F 50 w 5 11 10 11 11 5 . 2 5 150 96 0 . 3 6 100F 50 w 6 9 8 11 12 4 . 5 5 151 96 0.31 100F 50 w 7 10 11 11 11 4.  80 152 95 0 . 3 3 55F 50 w 8 11 10 11 10 5 . 9 0 149 95 0 . 4 2 70F 50 w 9 11 10 10 11 3 . 3 5 152 97 0 . 2 3 100F 50 w 10 10 10 10 10 3. 70 151 96 0 . 2 6 100
E F w 1 11 11 9 10 1 . 8 0 155 100 0 . 1 2 100E F w 2 10 11 9 10 2 . 0 7 155 1.00 0.  13 100E F w 3 10 10 10 9 1 . 7 9 149 99 0 . 1 2 100E F vv 10 10 9 10 1 . 5 6 151 101 0. 10 100E F w 5 10 11 10 10 2 . 5 7 152 99 0 . 1 7 100E F w 6 9 8 10 10 1 . 9 3 154 100 0 . 1 2 100E F w 7 10 10 9 9 1 . 3 8 156 101 0 . 1 2 100E F w 8 10 10 9 9 1 . 8 3 151 101 0 . 1 2 100E F w 9 10 10 9 9 1 . 6 0 151 99 0.11 100E F w 10 10 11 9 8 2 . 0 9 156 99 0 . 1 4 100
E N w 1 10 11 11 10 3 . 1 9 153 93 0.21E N w 2 9 10 10 9 3 . 11 153 100 0 . 2 0 100E N w 3 8 9 10 9 2 . 2 4 163 98 0 . 1 4 100E N w 10 10 10 10 3 . 1 2 154 99 0. 20 95E N w 5 10 10 10 10 3 . 3 9 155 100 0 . 2 2 100E I I w 6 9 9 10 10 2 . 9 0 156 96 0 . 1 9 100E N w 7 9 9 9 9 3 . 2 8 161 99 0.21E N w 8 10 10 10 9 3 . 0 2 157 96 0 . 2 0 95E N w 9 9 11 10 9 3.21 156 96 0.21 100E N w 10 9 11 10 9 1 . 8 7 16-1 99 0 . 1 2
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Table  A1. 22. Sand Grading Programme R e s u l t s ,  B r i c k sLaid  Wet.
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E 1C D 1 10 10 10 9 4 . 0 9 154 99 0 . 2 7 100E 1C D 2 9 11 9 9 4 . 61 153 99 0 . 3 0 25 75E 1C D 3 10 10 10 9 3 . 6 0 154 100 0 . 2 3 100E 1C D 4 9 11 10 10 3 . 9 5 159 100 0 . 2 5 30 70E 1C D 5 10 11 11 10 3 . 6 6 155 100 0 . 2 4 1 00E 1C D 6 9 11 10 9 2 . 6 2 155 98 0 . 1 7 100E 1C D 7 11 10 13 10 2 . 3 5 154 97 O. 1 6 100E 1C D 8 11 10 10 11 3 . 7 4 153 100 0 . 2 4 100E 1C D 9 10 11 10 9 4.  20 152 98 0 . 2 8 100E 1C D 10 10 10 10 9 4 . 5 5 153 98 0 . 3 0 100
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APPENDIX 2. CORRELATION OF BOND STRENGTH WITH WATER
CONTENT.
The r e s u l t s  o f  t h e  m o r t a r  programme a r e  su m m a r i s e d  in  
s e c t i o n  9 . 1 .  I n  t h i s  programme t h e r e  were  a t o t a l  o f  1+80 
c o u p l e t s ,  d i v i d e d  i n t o  16 g r o u p s .  Each  g r o u p  i s  a d i f f e r e n t  
c o m b i n a t i o n  o f  t h e  two b r i c k  t y p e s ,  t h e  two s u c t i o n  r a t e  
c o n d i t i o n s  a n d  t h e  f o u r  m o r t a r  g r a d e s .  W i t h i n  e a c h  g r o u p  
a r e  f i v e  c o u p l e t s  a t  e a c h  o f  s i x  m o r t a r  w a t e r  c o n t e n t s .  A 
l e a s t  s q u a r e s  a n a l y s i s  h a s  been  c a r r i e d  o u t  on e a c h  o f  t h e  
16  g r o u p s  t o  d e t e r m i n e  t h e  c o r r e l a t i o n  o f  bond  s t r e n g t h  
w i t h  t h e  w a t e r  c o n t e n t  o f  t h e  m o r t a r .  The f o l l o w i n g  
r e l a t i o n s h i p  i s  p o s t u l a t e d ,  
f  = aw + b
w here  f  i s  t h e  c o u p l e t  bond s t r e n g t h  i n  N/mm2 , w i s  t h e  
w a t e r  c o n t e n t  o f  t h e  m o r t a r  a s  a p e r c e n t a g e ,  by m a ss ,  o f  
t h e  d r y  c o n s t i t u e n t s ,  an d  a a n d  b a r e  t h e  c o e f f i c i e n t s  t o  
be d e t e r m i n e d .
The c o e f f i c i e n t  o f  c o r r e l a t i o n , r ,  i s  g i v e n  by t h e  
f o l l o w i n g  e x p r e s s i o n  
r  =
w here  c£  =
<rj=  £ C S w ‘ ) - ( w ) a
a n d  N i s  t h e  number  o f  c o u p l e t s  i n  t h e  g r o u p .
Prom r ,  S t u d e n t ’ s t  may e a s i l y  be c a l c u l a t e d ,  
t  = r  / ( N - 2 )
“V T f - r * " )
A s  a n  ex am ple  t o  i l l u s t r a t e  t h e  m e th o d ,  t h e  r e s u l t s  
f o r  t h e  f a c i n g  b r i c k  c o u p l e t s ,  l a i d  d r y ,  u s i n g  m o r t a r  
g r a d e  ( i )  a r e  g i v e n  in  t a b l e  A 2 . 1 .  The c o e f f i c i e n t s  a a n d
M b
b may now be c a l c u l a t e d .
N = 30 w = 1 8 . 7 5  f  = 0 . 3 7 5 8
a _ Swf-Nwf 
2 w l -Nw*
, = 0 .0 1 7 9 2
b = SlwZwf-^ fSlw1 
(£w)2 -N2wz
= 0 , 0 3 9 8
The s i g n i f i c a n c e  o f  t h e s e  v a l u e s  may be d e t e r m i n e d  by 
c a l c u l a t i n g  r  a n d  t .
From s t a t i s t i c a l  t a b l e s ,  
t = 1 . l 7  a t  t h e  25% p r o b a b i l i t y  l e v e l  f o r  28 degrees offreedom
t=1 • 70 •• “ 10% h «• II u »» •» «»
t h e r e f o r e  i t  can  be c o n c l u d e d  t h a t  t h e  p o s i t i v e  c o r r e l ­
a t i o n  i s  n o t  p a r t i c u l a r l y  s i g n i f i c a n t .
O t h e r  s e t s  o f  r e s u l t s  y i e l d  v a l u e s  o f  r  f ro m  -O.i+i+8 
( s i g n i f i c a n t  n e g a t i v e  c o r r e l a t i o n )  t o  0. 67*+ ( h i g h l y  
s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n )  b u t  t h e r e  i s  no p a t t e r n  
t o  t h e  b e h a v i o u r .
0* = 0 . 8 5 3 9  
r  = 0 .281
crf = 0.05*15 
t  = 1 . 5 5
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1 8 .0 0.381 321+. 00 0 .1 4 5 2 6 . 858O1 8.0 0 .3 7 3 321+. 00 0.1391 6 .7 1 4 01 8 .0 0.371 321+. 00 0 .13 7 6 6 . 6 7 8 01 8 . 0 0 .4 4 0 321+. 00 0 .19 3 6 7 .9 2 0 01 8 . 0 0 .3 7 3 321+. 00 0.1391 6 .7 1 4 0
1 8 .5 0. 332 31+2 .2 5 0 .1 1 02 6 . 1 4 2 01 8 .5 0 . 2 9 2 3 4 2 .2 5 0 .0 8 5 3 5 .4 0 2 01 8 .5 0.1+31 3 4 2 . 2 5 0 .1 8 5 8 7 .9 7 351 8 .5 0 .3 3 6 3 4 2 . 2 5 0 .1 1 29 6 . 2 1 6 01 8 .5 0 .5 0 7 3 4 2 . 2 5 0 .2 5 7 0 9 .3 7 9 5
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T a b le  A 2 . 1 .  D a ta  f o r  C o r r e l a t i o n  o f  s t r e n g t h  w i t h  
w a t e r  c o n t e n t  o f  m o r t a r .
APPENDIX 3. MOISTURE CONTENT OF MORTAR SAMPLE.
Moisture  c o n t e n t ,  ©, i s  d e f in e d  as  the volume o f  
water  p er  u n i t  volume o f  mortar. The f o l l o w i n g  q u a n t i t i e s  
w i l l  be required:
Mg = mass o f  dry c o n s t i t u e n t s  be fore  mixing.
Mw = mass o f  water  added to  above.
Mq = mass o f  sm all  sample o f  mixed mortar.
Vw = volume o f  water added to  dry c o n s t i t u e n t s .
Vs = volume o f  small  sample o f  mixed mortar.
The mortar i s  prepared with a known water content,<x,  
so tha t
Mw = <xMa.
The sm al l . sa m p le  o f  mortar w i l l  be some proportion ,^),  
o f  the  t o t a l  mass, so th a t  
Ms = $(MW+Md)
= p (  1 +o()Mg.
The sample m ois ture  c o n te n t  may now be d e f in e d  in  
terms o f  the above q u a n t i t i e s ,
e s = ^  vs
Mr“ (l+oOMa VwVs
= Ms 
( l + 0t)Ma*
Mw
Vs
= “ s
Vs(l+«)Ma ‘
where i s  the measured d e n s i t y  o f  the  mixed mortar.  In
s e c t i o n -10 the mortars were mixed us in g  a water  c o n t e n t  o f  
20$,  so t h a t  in  t h i s  c a s e ,  ©s =
A37
